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ABSTRACT
The variability of southern United States cold fronts was examined for 29 winter 
seasons, with particular emphasis placed on the identification of the upper-air circulation 
patterns associated with months when the region experienced extremes in cold front 
frequencies and intensities. The influence of atmospheric teleconnection patterns on cold 
front variability was first examined. For the Pacific / North American (PNA) 
teleconnection pattern, cold front passage frequencies in Florida were found to be 
significantly higher (lower) during meridional (zonal) months. An examination of the 
North Atlantic Oscillation (NAO) revealed that cold front passage frequencies were 
significantly higher (lower) in western and eastern Texas and in Georgia and South 
Carolina during months when the Icelandic Low and Atlantic Subtropical High were 
weaker (stronger) than normal.
The upper-air circulation patterns associated with extremes in cold front passage 
frequencies in the southern United States were also identified. Texas was found to 
experience a high (low) frequency of cold front passages during months when an upper-air 
ridge (trough) was present over the northeastern North Pacific and an upper-air trough 
(ridge) was located over western North America. Cold fronts were found to frequently pass 
over southern Arkansas. Louisiana, Mississippi, and Alabama when the upper-air 
circulation was characterized by a trough over northwestern North America, a ridge 
extending from the southwestern United States into Canada, and a trough over eastern 
North America. In Georgia and South Carolina, extreme cold front passage frequency 
months were found to be associated with the NAO. The PNA teleconnection pattern was 
found to be present during the extreme cold front passage frequency months in Florida.
XI V
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An examination of the months when the southern United States experienced 
extremes in cold front intensities revealed the importance of the presence of a strong 
upper-air ridge over northwestern North America during months when strong cold fronts 
frequently passed over the southern United States. The strong northerly upper-air flow 
between the northwestern ridge and a downstream trough allows for the frequent intrusion 
of polar and arctic air masses into the southern United States.
x v
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CHAPTER I
INTRODUCTION
On January 18. 1996. a cold front passing over Baton Rouge. Louisiana produced 
a 41° F (22.8° C) temperature fall and a dew-point temperature decrease o f 50° F (27.8° 
C ) during a fourteen hour period (9 a.m. to 11 p.m.). Because of the large temperature 
changes that cold fronts can bring to an area, it is not surprising that the frequency of cold 
front passages has been suggested as a likely contributor to the relatively high interannual 
variability of winter dew-point temperatures in the southeastern United States (Henderson 
1994). In addition to their influence on temperatures, cold fronts are also important 
producers of heavy rainfall in the southern United States. In this region, nearly half of the 
events producing at least three inches of rain are associated with cold frontal boundaries 
(Keim 1996). Recent research also indicates that cold fronts could have an especially 
important influence on precipitation variability in the southern United States. Henderson 
and Robinson (1994) found that zonal and meridional circulation regimes often produce 
dramatically different precipitation event characteristics (i.e. frequency, duration, and 
amount) in the southeastern United States and stressed the need for future research on the 
relationship between atmospheric circulation and frontal storm track locations to help 
further explain precipitation variability in this region.
In addition to their contribution to climate variability, cold front passages also 
affect the erosional and depositional processes occurring in the coastal environments of the 
southern United States (Roberts et al. 1987, 1989; Armbruster et al. 1995). Some 
researchers have suggested that cold front passages may even drive long-term geomorphic 
change along the northern Gulf of Mexico coast because of their typical northwest to 
southeast direction of approach, their large spatial scales, their strong and systematic wind
1
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shifts, and their relatively high frequency of occurrence during winter (Roberts etal. 1987. 
1989).
Information on cold front variability is also important for examining the impacts 
of future climate change. Climate impact assessors are particularly interested in the 
severity, frequency, and tracks of storms, including cold fronts (Robinson and Finkelstein 
1991). The problem with examining possible scenarios of cold front variability in the 
future is that there is very little agreement between general circulation models (GCMs) on 
the changes in mid-latitude storminess (e.g. cold front passages) which might occur under 
future climate conditions, such as greenhouse-induced global warming (Kattenberg 1996). 
However, GCMs do a good job of simulating regional-scale atmospheric circulation 
(Hewitson and Crane 1992). Therefore, one method of examining future cold front 
variability is to develop relationships between the observed atmospheric circulation and 
cold front variability data. The GCM simulations of atmospheric circulation could then 
use these observed relationships to examine possible cold front variability in the future.
A. Objectives
Previous research has stressed the importance of cold fronts for understanding 
climate variability and coastal processes occurring in the southern United States. 
Information on the frequency, intensity, and tracks of cold fronts passing over the southern 
United States is also needed to assess the potential impacts of future climate change in this 
region. Therefore, the primary goal of this study is to investigate the variability of cold 
fronts passing over the southern United States. As part of this goal, the relationship 
between atmospheric circulation and cold front variability in the southern United States is 
examined. It is important to include atmospheric circulation, because the movement of 
cyclones and their accompanying cold fronts is influenced by the locations o f upper-air
R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
circulation features (Lau 1988) and is related to the direction and speed of the upper-air 
winds (Carlson 1991).
The investigation of cold front variability in the southern United States includes 
three specific objectives: I. the development of a climatology of the cold fronts passing 
over the region. 2. the identification of the months having abnormally high or abnormally 
low cold front frequencies and intensities, and 3. the examination of the relationship 
between atmospheric circulation and cold front variability. The linkage between 
atmospheric circulation and cold front variability in the southern United States is revealed 
through: 1. the examination of the influence of atmospheric teleconnection patterns on 
monthly cold front frequencies and intensities and 2. the identification of the atmospheric 
circulation patterns associated with months experiencing extremes in cold front 
frequencies and intensities.
B. Cold Front Formation and Movement
The movement of a cold front, which is a boundary between a cold, dense air mass 
and a warm, moist air mass, is associated with the advancement of cold air into a region. 
As the cold air mass advances, the warmer air ahead of the cold front is forced to rise, often 
resulting in the formation of strong thunderstorms and severe weather. Cold front passages 
also produce a decrease in temperature and a shift in wind direction (Lutgens and Tarbuck 
1989). which are important for understanding temperature variability and coastal processes 
in a region. The development and movement of cold fronts result directly from the 
formation and subsequent movement of mid-latitude cyclones. As a mid-latitude cyclone 
develops, its counterclockwise circulation (in the northern hemisphere) pulls cold air 
southward on its westward side, resulting in the formation and southward and eastward 
movement o f a cold front. The mid—latitude cyclone, including the cold front and warm
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front, move in an eastward or northeastward direction, because of the steering effects of 
the upper-air westerly winds (Lutgens and Tarbuck 1989).
In addition to affecting the movement of mid-latitude cyclones, the upper-level 
westerlies, are also important for the formation and intensification of these cyclones. 
Cyclones can initially develop along a zone of strong surface temperature contrasts, such 
as a stalled front. However, in order for a cyclone to further develop and intensify, the 
inward flow of air near the surface needs to be supported by the outward flow of air aloft. 
The most favorable location for cyclone development is the area of upper-level divergence 
between an upper-air trough and a downstream upper-air ridge. Cyclone formation is 
even more favorable when a jet stream, a relatively narrow zone of the strongest upper air 
winds, is present over this region of upper-level divergence. The least favorable region 
of cyclone development is the area of upper-level convergence between an upper-air ridge 
and a downstream trough (Harman 1991: Lutgens and Tarbuck 1989). These upper-air 
ridges and troughs are present at different time scales. On a monthly time scale, as 
evidenced by mean monthly upper-air charts, longwave ridges and troughs are evident. 
These broad regions of upper-air troughing and ridging often span 50° to 120° longitude. 
The location of these longwave troughs and ridges will determine over which regions 
cyclones will frequently develop and move during a month. At a daily time scale, as 
evidenced by the daily upper-air charts, shortwave ridges and troughs are apparent. These 
shortwave ridges and troughs, which usually have lengths less than 50° latitude, move 
within the longwave upper-air pattern. A shortwave trough is usually associated with a 
particular cyclone (Harman 1991).
Cold fronts which pass over the southern United States during the winter season, 
are associated with cyclones that form over the northwestern Gulf of Mexico or to the east 
of the Rocky mountains. Cyclones develop over the northwestern Gulf of Mexico when
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the jet stream is present over the region and interacts with the strong sea surface 
temperature gradient usually present along the northwest Gulf during winter (Hsu 1992). 
These Gulf cyclones move to the east and northeast, frequently passing over Florida and 
other portions the southeastern United States. Cyclones also frequently develop on the lee 
side of the Rockies, especially near Colorado and Alberta (Whittaker and Horn 1984). and 
are related to the upper-air westerlies being forced to rise over this large north-south 
oriented barrier (Harman 1991). The Colorado and Alberta cyclones typically move 
eastward and northeastward into the Great Lakes region (Whittaker and Horn 1984).
C. Previous Frontal Climatologies
Many of the early frontal climatologies examined the average frequencies of all 
fronts combined and did not distinguish between the individual types of fronts (cold. warm, 
stationary, occluded). Schumann and van Rooy (1951) calculated the percentage of time 
that a front was present in each 5° x 5° grid square in the northern hemisphere during winter 
and summer for the years 1928 to 1938. The main objective was to provide statistical 
material for further research (Schumann and van Rooy 1951). Reed (I960) performed a 
similar study for the years 1952 to 1957 and identified, for the winter months, a region of 
relatively high frontal frequencies extending from the northern Gulf of Mexico into the 
southeastern United States (Reed 1960). Dimego etal. (1976) examined frontal intrusions 
into the Gulf of Mexico and the Caribbean Sea region for the years 1965 to 1972. For each 
month, mean frontal frequencies and frontal duration were calculated for each 2.5° x 2.5° 
latitude-longitude square in the study area. In general, seven to nine fronts are found to 
pass over the northern Gulf of Mexico during each winter month (Dimego et al. 1976).
Muller (1977) identified two frontal synoptic weather patterns which affect New 
Orleans and southeastern Louisiana: Frontal Overrunning and Frontal Gulf Return. The 
Frontal Overrunning (FOR) type brings cloudy and rainy conditions to New Orleans and
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occurs when a front becomes quasi-stationary along the Gulf coast or over the northern 
G ulf of Mexico. The Frontal Gulf Return (FGR) weather type typically occurs when an 
approaching cold front is close enough to New Orleans to affect the southerly wind flow 
of warm, moist tropical air from the Gulf (Muller 1977. Muller and Willis 1983). Although 
the frequency of frontal passages is not directly measured by the two frontal types, the 
percentage of hours that the FOR and FGR weather types occur at New Orleans in a month 
is a good indicator of frontal activity over southeast Louisiana. A month having a high 
percentage of FOR weather at New Orleans, is typically characterized by fronts remaining 
stationary over the northern Gulf of Mexico for several days (Muller 1998). Months with 
a low percentage of FGR by definition will have very few cold front passages. It is harder 
to interpret what cold front activity is like during months having a high percentage of FGR 
weather, because these high FGR percentage months are either indicative of several cold 
fronts passing over New Orleans or a few fronts remaining stationary to the north of the 
city for several days. From November to March. FOR weather typically occurs at New 
Orleans during at least 25% of the hours. Fronts are especially likely to stall over the 
northern Gulf during January, when FOR weather occurs 38% of the time. The average 
percentage of hours that FGR weather occurs at New Orleans ranges from 13% of the time 
in November to 19% of the hours in March (Muller and Willis 1983).
In recent years, several regional cold front climatologies have been produced. For 
the years 1977 to 1986, Hennemuth and Briimmer (1990) examined cold fronts passing 
over a region which included the North Sea. Denmark, and northern Germany. Forty 
percent of the fronts passing over this region are found to be cold fronts. When a cold front 
is present over the study area, the 500 millibar (mb) level is most often characterized by a 
trough located to the west o f the region. General statistics on cold front orientation and the
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temperature and dew point temperature gradients across the cold fronts were also presented 
(Hennemuth and Briimmer 1990).
As a means of examining the spatial variability of cold front movement, some 
studies have calculated cold front frequencies for individual latitude-longitude grid 
squares. Morgan et al. (1975) performed such a study for the United States and portions 
of Canada and Mexico. For each day during 1961 to 1970. the presence or non-presence 
of a front was recorded for each 60 x 60 nautical mile grid square on the Daily Weather Map 
series. Isoline maps were then produced for each month. Cold fronts are present in each 
southern United States grid cell for five to seven days during an average winter month. 
Flocas (1984) conducted similar research for central and southern Europe and the 
Mediterranean Sea. For each of the 5° x 5° grid squares within the region, the number of 
days that a cold front is present was recorded. Seventy five percent of all fronts passing 
through this region were found to be cold fronts. Isoline maps of the average annual 
frequency and of the percentage of days in which cold fronts are present in each season were 
also displayed (Flocas 1984). One potential problem with using the number of days that 
cold fronts are present over a grid cell is that the front totals could include multiple counts 
of slow-moving cold fronts.
Cold front climatologies have also identified and calculated the frequencies of 
particular types of cold fronts which pass over a certain region. In an effort to aid 
forecasters, Brotak (1980) identified and described three types of cold fronts which 
commonly pass over the northeastern United States. The majority (75%) of the region’s 
cold fronts move from west to east, and are often accompanied by an upper-air shortwave 
trough. Another 20% of the cold fronts approach the region from the northwest and are 
often associated with the coldest temperatures in the northeastern United States. A 
longwave ridge is often located over the western and central United States when cold fronts
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approach the region from the northwest. The third northeastern United States cold front 
type, commonly called a back-door cold front, generally moves from north to south along 
the New England coast (Brotak 1980).
Back-door cold fronts, which often break heat waves along the east coast of the 
United States and are important for forecasting (Bosart et al. 1973). develop most 
frequently from April to October (Eichler and Shulman 1987). Although back-door cold 
fronts occur most often over the northeast, they have occasionally penetrated as far south as 
Georgia (Bosart etal. 1973: Eichler and Shulman 1987). The back door cold front is often 
associated with a 500 mb shortwave trough located to the east of Hudson Bay. As the 
shortwave trough moves eastward and deepens, the back-door cold front forms and begins 
moving southward. Surface anticyclogenesis in the cold air behind the front often 
contributes to the continued southward movement of the back-door cold front (Bosart etal. 
1973).
For the years 1967 to 1977, Henry (1979) examined cold fronts entering the Gulf of 
Mexico. Instead of calculating frontal frequencies for individual grid squares, the course of 
the individual fronts were followed. Cold fronts enter the Gulf of Mexico most often from 
late autumn to early spring, during which time the gulf experiences 5 to 6 frontal incursions 
each month. Cold fronts were divided into two categories: those originating from the 
Pacific (maritime polar, mP) and those originating from the north (continental polar, cP: 
continental arctic, cA). The percentage of cold fronts coming from the Pacific and from the 
north varied considerably from year to year. In January of 1973, all five cold fronts 
originated from the Pacific. While in January of 1977. five of the six cold fronts entering 
the Gulf originated from the north. The southern penetration of the cold fronts, the number 
of waves developing along the cold fronts, and the number of cold fronts which eventually 
moved northward as warm fronts out of the Gulf were also examined. Cold fronts reach the
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Caribbean most often during late fall and the winter months. Waves develop along the 
frontal boundaries most frequently during the winter months, with approximately three 
frontal waves forming in both December and January. Nearly one-third of the December 
and March cold fronts return as warm fronts to the northern coast of the Gulf of Mexico 
(Henry 1979).
The previous frontal climatologies, for the southern United States and other parts 
of the world, have focused primarily on the average characteristics of cold fronts and have 
provided very little information on cold front variability. Information on cold front 
variability is important for understanding climate variability and coastal processes in the 
southern United States and is needed for the assessment of the potential impacts of future 
climate change on the region. An important part of understanding cold front variability 
is the examination of the influence of the longwave upper-air patterns on the variations of 
the frequencies and intensities of cold fronts in the southern United States. Atmospheric 
teleconnection patterns are included in the analysis of the influence of atmospheric 
circulation on cold front variability in the southern United States.
D. Atmospheric Teieconnection Patterns
Atmospheric teleconnections are characterized by low frequency (time scale of 
weeks to years) fluctuations of a meteorological variable (usually sea level pressure or 
upper-air geopotential heights). These fluctuations have distinctive spatial patterns and 
result in long-range "correlation fields that are characteristic o f standing planetary-scale 
disturbances” (Esbensen 1984). Teieconnection patterns have often been used to represent 
large-scale flow in studies which have examined the relationship between planetary-scale 
atmospheric circulation and surface temperatures (Leathers et al. 1991) and precipitation 
(Leathers et al. 1991; Henderson and Robinson 1994; Vega 1994). The intensity and 
north-south displacements of mid-latitude storms are also influenced by teieconnection
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patterns (Lau 1988). Therefore, atmospheric teieconnection patterns are likely to have an 
important influence on cold front variability in the southern United States. The Southern 
Oscillation. Pacific / North American, and North Atlantic Oscillation atmospheric 
teieconnection patterns are used to examine the influence of teieconnection patterns on the 
region's cold front variability.
One of the atmospheric teieconnection patterns that is likely to influence cold front 
variability in the southern United States is the Southern Oscillation (SO). The SO is 
characterized by atmospheric pressure fluctuations in the western tropical Pacific ocean 
being out of phase with the pressure fluctuations in the southeastern tropical Pacific. This 
seesaw in surface pressure across the tropical Pacific can produce dramatic changes in the 
rainfall patterns and wind fields in the tropical Indian and Pacific oceans and is correlated 
with meteorological fluctuations in other pans of the world (Philander 1990). In the late 
1960s. several studies (e.g. Bjerknes 1969) discovered that the SO is closely related to sea 
surface temperature variations in the Tropical Pacific. When the central and eastern 
tropical Pacific experiences unusually warm sea surface temperatures (El Nino event), high 
surface pressure is established over the western tropical Pacific while the eastern tropical 
Pacific experiences low surface pressure. On the other hand, when sea surface 
temperatures are cool in the central and eastern tropical Pacific and warm in the western 
tropical Pacific (La Nina event), surface pressure is low over the western tropical Pacific 
and high over the eastern tropical Pacific (Philander 1990). Because the sea surface 
temperatures and atmospheric pressure fluctuations over the Pacific are so closely related, 
the term El Nino/Southern Oscillation (ENSO) is commonly used to refer to the coupled 
ocean-atmosphere system in the tropical Pacific. There is usually no normal state for the 
Pacific. Instead, there is an oscillation back and forth between the El Nino and La Nina 
phases o f the ENSO cycle (Aceituno 1992).
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The northern hemisphere is affected by El Nino events during winter, when the 
westerlies migrate southward over the warm tropical waters (Yamal 1985). During El Nino 
winters, the upper-air westerlies are strengthened over the eastern north Pacific and the 
Gulf of Mexico (Yamal 1985. Aceituno 1989. Cavazos and Hastenrath 1990). With a 
strengthened jet stream interacting with the strong sea surface temperature gradient usually 
present along the northwest Gulf during winter (Hsu 1992), the Gulf of Mexico experiences 
a significantly higher number of cyclones during El Nino events (Manty 1993). especially 
those cyclones having a strong intensity (Hardy and Hsu 1997). There is also a tendency 
for the 700 mb geopotential heights to be below normal over the north Pacific and the 
southeastern United States and above normal over western North America during winter 
of an El Nino year (Horel and Wallace 1981). With an increase in the frequency of Gulf 
cyclones and a tendency for troughing over the southeast, portions of the southern United 
States may experience an increase in the number of cold front passages during El Nino 
winters.
La Nina events may also have an important influence on cold front variability in 
the southern United States. Van Loon and Rogers (1981) compared winter-season 700 mb 
heights over the northern hemisphere during El Nino events and La Nina events. Heights 
were higher over the northern Pacific (in the vicinity of the Aleutian Low) and the 
southeastern United States, and lower over western Canada during La Nina years than 
during El Nino years (van Loon and Rogers 1981). The number of winter cyclones forming 
over the Gulf of Mexico during La Nina events are also significantly lower than during 
other years (Manty 1993). Therefore, portions of the southern United States may 
experience fewer cold front passages during La Nina winters.
The Pacific / North American (PNA) pattern is also an important component of the 
winter season atmospheric circulation over the United States (Mo and Livezey 1986) and
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consists of four centers of mid-tropospheric height variability located over: Hawaii, the 
northern Pacific near the Aleutians, western Canada, and the southeastern United States in 
the vicinity of the Gulf Coast. Height anomalies at adjacent centers are out of phase. For 
example, when the heights over Hawaii are anomalously high, heights tend to be lower over 
the Aleutians, higher over western Canada, and lower over the southeast (Wallace and 
Gutzler 1981). The two extremes of the PNA pattern are meridional and zonal flow. 
Meridional (zonal) flow is characterized by higher (lower) heights over Hawaii and 
western Canada and lower (higher) heights over the Aleutians and the southeastern United 
States. The formation of the PNA pattern is influenced by several factors including: sea 
surface temperatures in the equatorial Pacific, orography, and land-sea heating contrasts 
(Yamal 1985).
Because the PNA pattern affects the north-south displacements of cyclone tracks 
(Lau 1988), it is likely to influence winter cold front variability in the southern United 
States. With lower than normal mid-tropospheric heights over the southeast during 
meridional flow, cyclone tracks and their accompanying cold fronts are more likely to be 
displaced southward into the region. Below normal temperatures and the more frequent 
intrusion of cold air masses into the southern United States during meridional flow 
(Leathers et al. 1991) may be indicative of an increase in the overall number of cold fronts 
passages or an increase in the number strong cold fronts passing over the region. When 
above normal mid-tropospheric heights are located over the southeastern United States 
during zonal flow, fewer cold fronts may pass through the study area, because of the 
displacement of the jet stream and cyclone tracks farther north.
A final teieconnection pattern, which may influence winter cold front activity in 
the southern United States is the North Atlantic Oscillation (NAO). The NAO is 
characterized by sea level pressure (or 700 mb height) anomalies of the Icelandic Low
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being out of phase with the pressure (height) anomalies of the Atlantic Subtropical High 
(Wallace and Gutzler 1981: Bamston and Livezey 1987). When the Icelandic Low 
experiences below (above) normal pressure (height) values, the Atlantic Subtropical High 
tends toexperience above (below) normal pressure (height) values. The NAO index is used 
to indicate the strength of the Icelandic Low and Atlantic Subtropical High. A positive 
(negative) NAO index value is indicative of a strong (weak) Icelandic Low and a strong 
(weak) Atlantic Subtropical High and is characterized by strong zonal (weak zonal or 
meridional) flow over the North Atlantic (Rogers 1984).
Temperatures over the central and eastern United States (including a large portion 
of the southern United States) are significantly different during the two extremes of the 
NAO. The eastern and central United States tend to experience warmer than normal 
temperatures during the high index phase of the NAO (strong Icelandic Low and Atlantic 
Subtropical High) and cooler than normal temperatures during the low index phase (weak 
Icelandic Low and Atlantic Subtropical High) (Rogers 1984). The temperature differences 
between the two phases of the NAO may be an indication that the NAO is important for 
southern United States cold front variability. Warmer temperatures over the eastern United 
States during the positive phase (strong zonal flow) could be the result of cyclone tracks 
and their accompanying cold fronts being farther to the north. During the negative phase 
of the NAO (weak zonal flow or meridional), the jet stream is more likely to be located over 
the southern United States, bringing cyclones and their cold fronts along with cooler 
temperatures into the region.
E. Summary
Information on cold front variability is important for understanding climate 
variability and coastal processes in the southern United States and is needed for the 
assessment of the potential impacts of future climate change on the region. However,
R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
14
previous frontal climatologies, for the southern United States and other parts of the world, 
have focused primarily on the average characteristics of cold fronts. Therefore, the 
variability of cold fronts passing over the southern United States is examined in this study 
through: the development of a climatology of the cold fronts passing over the region, the 
identification of the months having extremes in cold front frequencies and intensities, and 
the examination of the relationship between atmospheric circulation and cold front 
variability.
This chapter identified the importance of examining cold front variability in the 
southern United States, provided a review of previous frontal climatologies, and outlined 
the specific objectives of this study. The data and methods used in this dissertation are 
described in Chapter Two. Chapter Three examines the variability of cold front 
frequencies and intensities and includes the identification of months having extremes in 
cold front frequencies and intensities. The relationship between atmospheric circulation 
and cold front variability is discussed in Chapters Four and Five. The influence of 
atmospheric teieconnection patterns on cold front frequencies and intensities are examined 
in Chapter Four, while Chapter Five compares the atmospheric circulation patterns 
associated with months when the southern United States experiences extremes in cold front 
frequencies and intensities. The final section. Chapter Six, provides a summary of the 
important results found in this study and identifies areas of research that need to be 
investigated in the future.
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DATA AND METHODS
Cold front variability in the southern United States is examined for the months of 
November to March during the years 1961 to 1990. November to March was chosen 
because the average position of the jet stream is generally over the southern United States 
during this time of year (Landsberg 1960). guiding cyclones and their accompanying cold 
fronts through the region. Cold fronts also most frequently pass through the region and 
enter the Gulf of Mexico during these months (Henry 1979).
A. Study Area
The study area is comprised of seven 5° x 5° latitude-longitude boxes, extending 
from 25° N to 35° N and 80° W to 105° W and includes all or significant portions of the 
following states: New Mexico, Texas, Oklahoma, Arkansas, Louisiana, Mississippi, 
Alabama. Florida. Georgia, and South Carolina (Figure 2.1). The size of the 5° x 5° grid 
cells allows for enough stations to be included in each grid cell to identify frontal position 
and frontal intensity. The grid boxes are generally located over the land areas of the 
southern United States, where there is a fairly good network of stations. Grid boxes located 
mostly over the Gulf of Mexico and the Atlantic ocean were excluded because of the lack 
of station data. The close proximity of the Gulf of Mexico is likely to affect winter cold 
front variability in the southern United States. During the winter season, a large sea surface 
temperature gradient commonly exists in the northwest Gulf between the cool continental 
shelf water and the deep Gulf (Hsu 1992, Johnson et al. 1984). This large sea surface 
temperature gradient contributes to the frequent development of extratropical cyclones 
over the northwest Gulf during winter (Saucier 1949, Johnson etal. 1984). The eastward 
movement of these Gulf lows will frequently bring their accompanying cold fronts over
15
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the study area. The frequency of cold fronts becoming stationary over the northern Gulf 






Figure 2.1. Cold Front Study Region.
B. Weather Map Analysis
Winter cold front variability in the southern United States was determined from an 
analysis of the Daily Weather Maps (DWM) (National Oceanic and Atmospheric 
Administration 1961-1990) series. On each day that a cold front was present over the 
region, its position was recorded by identifying the 5° x 5° grid cells over which the front 
was located on the daily weather map. The time of observation of the DWM was 7 a.m. 
Eastern Standard Time (E.S.T.) for the majority of the study period. However, for the seven 
winter seasons 1961-62 to 1967-68, the DWM showed the synoptic weather situation at 
1 a.m. E.S.T. To keep the time of observation for the cold front positions consistent, the 
7a.m. E.S.T. Northern Hemisphere daily synoptic weather maps (National Oceanic and
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Atmospheric Administration 1961-1968) were analyzed in addition to the DWM for these 
seven winters. In addition to recording each day that a cold front was present over each 
grid cell, consecutive daily weather maps were compared to identify the grid cells that a 
cold front had passed through since the previous day. Cold front non-passages were also 
identified. The non-passage category included those fronts that became stationary over 
a grid cell and eventually dissipated or moved northward out of the cell as a warm front.
One problem with using the DWM for identifying the daily positions of cold fronts, 
is that no two weather map analysts are likely to draw a front in the same location (Uccellini 
et al. 1992). The difference in frontal locations between analysts results from there being 
several weather variables (e.g. station temperatures, wind direction and speed, dew-point 
temperature, and pressure) that are used to identify the position of a front. The DWM is 
still better than using an automated technique (e.g. computer plotting the locations of fronts 
based on certain criteria) for identifying the daily frontal locations, because automated 
techniques can not replicate the skill of a trained analyst in drawing fronts and other 
features on a surface weather map (Ucellini etal. 1992). Additionally, this study did not 
require the exact daily position of a cold front over the region. The only information needed 
was whether or not a cold front was located over any of the 5° x 5° grid cells in the study 
area on each day. The size of the 5° x 5° grid cells also allowed for some differences in 
frontal position from one weather map analyst to another.
C. Cold Front Intensity
The changes in weather at a location associated with cold front passages differ from 
one cold front to another. For instance, one cold front passage may produce a 24 hour 
temperature decrease of 5° C, while another frontal passage produces a 10° C decrease in 
a 24 hour period. To account for the differences between one cold front and another, 
intensity was examined in addition to cold front frequency. The definition of cold front
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intensity varies depending upon the application. The direction and duration of pre- and 
post-frontal winds are important for coastal processes (Roberts et al. 1987. 1989). while 
the temperature change associated with a cold front passage is an important contributor to 
temperature variability (Hill 1969). In this study, the horizontal gradient of potential 
temperatures in the vicinity of the cold front was used to define intensity. Surface gradients 
of potential temperatures are useful for identifying the position of surface fronts (Sanders 
and Doswell III 1995) and have also been used to define frontal intensity in numerical 
simulations of cold front evolution (Juang 1991). Because potential temperatures 
compensate for station elevation differences (Sanders and Doswell III 1995), they were 
used, instead of surface temperatures, to define frontal intensity.
Potential temperature is defined as the temperature a parcel of air at pressure p 
would have if brought dry adiabatically from its initial state to a standard pressure po, 
usually defined as 1000 millibars (mb) (Huschke 1959. Carlson 1991). Potential 
temperature ( 0 )  is calculated by the following equation:
0  = T(p0/p)y’ (la)
where T is the temperature, and x = Rj/cp. Ru is the ideal gas constant for dry air (Rj = 
287
J kg-1 K-1) and cp is the specific heat of dry air at constant pressure (cp = 1004 J kg-1 K-1) 
(Carlson 1991). When 1000 mb is used as the standard pressure po and R<j is divided by 
cp and substituted for x, the equation for 0  becomes:
0  = T(1OOO/^0286. (lb)
Equation 1 b was used to calculate potential temperature in this research.
The first step of the intensity analysis involved the identification of the pairs of
stations that were used to calculate cold front intensity in each grid cell. The stations used
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in this study were taken from the Solar and Meteorological Surface Observation Network, 
which was compiled by the National Climatic Data Center and the National Renewable 
Energy Laboratory. Station pairs assigned to a grid cell had to have at least one station 
within the grid cell and usually had a distance of 300 kilometers or less between the two 
stations. Appendix A lists the specific guidelines used for station pair assignment, while 
Appendix B shows the program used to calculate the distance between stations. Forty nine 
stations (Figure 2.2 and Appendix C) were used in the intensity analysis. The station pairs 
assigned to each grid cell are listed in Appendix D.
Figure 2.2. Hourly Stations Used in the Intensity Analysis.
The identification of the intensity of each cold front passing over the region 
involved several steps. First, for each day of the study period, the potential temperature 
was calculated for the 49 stations, using their 12 Z (7 a.m. E.S.T.) temperature and station 
pressure observations. The temperature and pressure data were extracted from the Solar 
and Meteorological Surface Observation Network. Next, on each day, the horizontal
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gradient of potential temperatures was calculated for each station pair. The difference in 
potential temperatures for the pair of stations was divided by the distance between the two 
stations and standardized to degrees Celsius per 100 kilometers (°C/lOO km). On those 
days that a cold front was present over a grid cell, the maximum value of the horizontal 
gradient of potential temperatures in that grid cell was recorded, using the station pair (out 
of the list of station pairs assigned to the grid cell) which had the largest potential 
temperature gradient value for that day. Lastly, each cold front potential temperature value 
for a grid cell was classified as being weak, moderate, or strong. For each grid cell, the 
intensity categories each contained a third of the grid cell’s cold front potential temperature 
gradient values, with the weak category containing the lowest third, the moderate category 
containing the middle third, and the strong category containing the upper third.
The intensity categories were defined separately for each grid cell, because an 
extreme (strong or weak) cold front in one part of the region may not be considered to be 
extreme in another part of the study area. For example, cold fronts moving over the Florida 
peninsula are likely to be modified by relatively warm waters of the Gulf of Mexico and 
Atlantic ocean, as evidenced by studies of cold front movement over relatively large water 
bodies in other parts of the world (Trier etal. 1990, Hennemuth and Briimmer 1990). Cold 
fronts moving over grid cell seven are likely to be weakened, as the warm water bodies 
modify the post-frontal air mass. Therefore, cold front intensities in grid cell seven could 
be lower than in other grid cells. Differences in the number and spatial coverage of stations 
in each grid cell (Appendix D and Figure 2.2) may also result in differences in cold front 
intensity from one grid cell to another. A grid cell with few station pairs and relatively large 
distances between stations may tend to have lower intensity values than a grid cell having 
several station pairs and relatively small distances between stations.
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D. Analysis of Cold Front Frequencies
After completing the analysis of the DWM and identifying the intensity category 
of each cold front, monthly totals of the weather map categories (passages, non-passages) 
and three intensity classes were calculated for each grid cell. To get a general idea of cold 
front activity, the monthly median frequencies of the weather map and intensity categories 
in each grid cell were studied. Cold front variability was then examined by identifying 
months having a "high” cold front frequency and months having a “low” cold front 
frequency. A "high” frequency month is defined as any month having a cold front 
frequency above the 80th percentile, while "low” frequency months include any month 
having a cold front frequency at or below the 20th percentile. High frequency and low 
frequency months were identified for cold front passages and the weak and strong intensity 
cold fronts. The cold front passage category was the only weather map category included 
in the variability analysis, because preliminary analysis by the author indicated that the 
majority of cold fronts entering each grid cell in the study region were able to pass through 
the grid cell.
A minor problem for identifying months having a high (low) frequency of weak 
or strong cold fronts is that cold fronts are sometimes present over a grid cell more than 
one day. These cold fronts will therefore have more than one intensity value. In order to 
calculate monthly totals and identify months having a high (low) frequency of weak or a 
high (low) frequency of strong cold fronts, only one intensity value was used for each cold 
front. For those cold fronts present over a grid cell for two or more days, only the day with 
the highest intensity category was used.
Annual time series of the frequencies of cold front passages, weak cold fronts, and 
strong cold fronts were also constructed for the five winter months for each grid cell (e.g. 
annual time series o f the number of cold fronts passing over grid cell one during January)
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and analyzed for trends. Linear regression techniques are often used to identify trends in 
climate data, such as annual global temperatures in the last 100 years (Balling 1992). 
However, these techniques require interval-ratio data. The monthly frequencies of cold 
fronts (passages, weak, and strong) are discrete. Therefore, the Spearman test for trend, 
which requires an ordinal level of measurement, is used to measure the association between 
cold front frequency (e.g. passages) and the year in which the month of the frequency 
occurred. A trend is detected when the correlation between year and cold front frequency 
is significant. The Spearman test has previously been used by Keim (1994) to detect trends 
in the annual number of heavy rain events in the southern United States and by Hanson et 
al. (1989) to identify trends in annual and seasonal temperatures and rainfall totals in the 
contiguous United States.
E. Atmospheric Circulation and Cold Front Variability
1. Examination of the Teleconnection-Cold Front Variability Relationship
The relationship between the SO, PNA. and NAO atmospheric teieconnection 
patterns and cold front variability in the southern United States was determined by: 1. 
correlating the monthly frequencies o f cold front passages with the monthly index values 
of the atmospheric teieconnection patterns and 2. examining the differences in cold front 
frequencies and intensities associated with the opposite phases of each teieconnection 
pattern. Spearman's rank-order correlation was used to measure the association between 
the monthly index values of the teieconnection patterns and the monthly frequencies of 
cold fronts. The index value of a teieconnection pattern is a single number that indicates 
the strength and the phase of the pattern. A positive PNA index value is indicative of 
meridional flow, while a negative PNA index value indicates zonal flow (Leathers et al. 
1991). The Southern Oscillation Index (SOI) is positive (negative) when the eastern 
tropical Pacific is experiencing above (below) normal pressure values and the western
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tropical Pacific is experiencing below (above) normal pressure values. Therefore, a strong 
positive (negative) SOI is usually indicative of a La Nina (El Nino) event (Ropelewski and 
Jones 1987). As mentioned in Chapter One, a positive (negative) NAO index value is 
indicative of a strong (weak) Icelandic Low and strong (weak) Atlantic Subtropical High.
The index values for the PNA. SO. and NAO teieconnection patterns were obtained 
from the Climate Predication Center (CPC). The PNA and NAO index values are based 
on the application of Rotated Principal Component Analysis (RPCA) to monthly mean 
700-mb height anomalies, a procedure which is described in Bamston and Livezey (1987). 
The CPC applied the RPCA technique to the monthly mean 700-mb height anomalies 
between January 1964 and July 1994 to identify the ten most important Northern 
Hemisphere teieconnection patterns in each calendar month. The NAO is one of the most 
prominent modes of low frequency variability throughout the year, while the PNA is an 
important mode of low frequency variability in all months, except June and July. For each 
month since 1950, the observed amplitudes of the ten teieconnection patterns 
corresponding to that calendar month are calculated using a least-square regression 
analysis. The observed monthly amplitudes of each teieconnection pattern are then 
assembled into a continuous time series and standardized for each calendar month 
independently (Climate Prediction Center 1997). The standardized monthly amplitudes 
of the PNA and NAO teieconnection patterns were used as their index values. The SOI 
values for each month were calculated by subtracting the standardized sea level pressure 
(SLP) anomaly at Darwin, Australia from the standardized SLP anomaly at Tahiti and 
dividing the difference in SLP by the monthly standard deviation (equation 2).
SOI = (Standardized Tahiti -  Standardized Darwin) / Monthly Standard Deviation. (2)
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Standardized Tahiti, Standardized Darwin, and Monthly Standard Deviation are calculated 
using the following equations:
[Actual Tahiti (SLP) -  Mean Tahiti (SLP)]
Standardized Tahiti =   (3)
Standard Deviation Tahiti
[Actual Darwin (SLP) -  Mean Darwin (SLP)
Standardized Darwin =   (4)
Standard Deviation Darwin
Monthly Standard Deviation = [(£ (Standardized Tahiti-Standardized Darwin )2)/N ]1/2 (5)
where N is the total number of summed months (Climate Prediction Center 1997).
To assess how southern United States cold front activity is affected by changes in 
the large-scale circulation, cold front passage frequencies (cold front intensity values) 
during months having a strong positive index value are compared to cold front passage 
frequencies (cold front intensity values) during months having a strong negative index 
value for each teieconnection pattern. A similar approach was used by Henderson and 
Robinson (1994) to examine the effects of changes in large-scale circulation on 
precipitation variability in the southeastern United States. Months having a PNA index 
value equal to or above +1 were identified as strong meridional, while strong zonal months 
had to have a PNA value less than or equal to -1. The cutoff for months having a strong 
positive (negative) NAO index value is also + 1 (-1). For the El Nino/Southern Oscillation, 
cold front activity during El Nino and La Nina months were compared. The El Nino and 
La Nina events occurring during the 1961-1990 period were taken from Kiladis and Diaz
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(1989). who used the SOI and sea surface temperature anomalies in the eastern equatorial 
Pacific to identify these events.
To examine the difference in cold front passage frequencies between the positive 
and negative phases of a teieconnection pattern, median cold front passage frequencies 
during the two opposite phases were compared for each grid cell. Since, the monthly cold 
front frequencies are discrete, the Median test (Siegel and Castellan 1988. p. 124) was used 
to identify those grid cells which had statistically significant differences in cold front 
passage frequencies between the two phases of a particular teieconnection pattern. The 
first step of the Median test involves the determination of the median cold front passage 
frequency for all the months in both groups (e.g. El Nino and La Nina months). Both 
groups are then dichotomized into the number of months above the combined median and 
the number of months at or below the combined median. The proportion of months in each 
group that are above the combined median are then compared. The Fisher exact test (Siegel 
and Castellan 1988. p. 103) or the chi-square corrected for continuity test (Siegel and 
Castellan 1988. p. 116) was used to compare these proportions and determine if the central 
tendencies of the two groups were significantly different. The Fisher exact test was used 
when the total number of months in both groups is less than or equal to twenty, while the 
chi-square corrected for continuity test was used for larger sample sizes (Siegel and 
Castellan 1988).
The median cold front intensity values during the opposite phases of each 
teieconnection pattern were also compared for each grid cell to examine the influence of 
the SO, PNA, and NAO atmospheric teieconnection patterns on the intensity of cold fronts 
entering the southern United States. Because the cold front intensity values are not discrete, 
a test more powerful than the Median test can be used. The Wilcoxon rank-sum test (Siegel 
and Castellan 1988. p. 128), which requires continuous variables measured on at least the
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ordinal scale, was used to determine, for each grid cell, whether median cold front intensity 
values during the opposite phases of each teieconnection pattern were significantly 
different.
2. Composite Map Analysis
While teieconnection patterns are useful for examining the influence of important 
atmospheric circulation patterns on cold front variability, composite maps allow for the 
identification of the atmospheric circulation patterns associated with months that a grid cell 
experiences an abnormally high frequency or an unusually low frequency of cold fronts. 
In order to create a composite map, one must first select a number of maps that meet certain 
criteria (e.g. months having a high frequency of cold front passages) and then average those 
maps together (Yamal 1993). In this study, composite maps of 500 mb height data were 
plotted to identify circulation patterns associated with months having extremes in cold 
front frequency and intensity. The 500 mb level was chosen, because cyclones and their 
accompanying cold fronts generally move along the 500 mb wind direction at about half 
the speed of the 500 mb winds (Carlson 1991). For the years 1961 to 1990,500 mb monthly 
height data over North America and the adjacent oceans are extracted from the 1,977 point 
National Meteorological Center Northern Hemisphere gridded data set. The monthly 
heights were down-loaded for all grid points located within the latitudinal range of 20° N 
to 70° N and the longitudinal range of 15° W to 169° W.
For each grid cell, composite maps of the 500 mb heights were plotted for months 
having: 1) a high frequency of cold front passages, 2) a low frequency of cold front 
passages. 3) a high frequency of strong cold front passages, and 4) a high frequency of weak 
cold front passages. The two cold front passage composites were then compared by 
mapping the difference in heights between the high frequency and low frequency 
composites. A composite difference map was also created for cold front intensities by
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
27
mapping the difference in heights between the high frequency strong and high frequency 
weak composites. The locations of the large height differences on the composite difference 
maps reveal areas of large monthly circulation changes (Henderson and Muller 1997) that 
are associated with extremes in the frequency of cold front passages (high versus low) or 
cold front intensity (high frequency strong versus high frequency weak). One potential 
problem with composite difference maps is that the two types of months (e.g. high 
frequency and low frequency months) being compared may not share common locations 
of large height anomalies. Therefore, composite 500 mb height anomaly maps were also 
plotted for the months having: 1) a high frequency of cold front passages, 2) a low 
frequency of cold front passages. 3) a high frequency of strong cold front passages, and 4) 
a high frequency of weak cold front passages. The first step in creating a composite 
anomaly map involves the calculation of the grid point 500 mb height anomalies for each 
individual month. The 500 mb height anomalies for a particular month are basically the 
z scores. For each grid point, the calendar month mean height (e.g. average for all 29 
Januarys) is subtracted from the height value for that particular month (e.g. January 1978). 
This difference is then divided by the calendar month standard deviation. The composite 
anomaly map is then created by averaging the height anomalies of the individual months 
together.
Months having a high frequency of strong (weak) cold fronts may also have other 
cold fronts of weak (strong) and moderate intensities. Therefore, the monthly cold front 
intensity composite maps are supplemented with daily composite maps for the ten strongest 
and ten weakest cold front passages for each grid cell. Daily 500 mb height composites 
were plotted for the day before the cold front enters the grid cell (day -1), the day when 
the cold front is present over the grid cell (day 0), and the next day (day +1) when the cold 
front has left the grid cell.
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F. Summary
This chapter has described the data and methods that were used in this dissertation 
to examine winter season cold front variability in the southern United States. Chapter 
Three employs percentiles to identify months having extremes in cold front frequency and 
intensity and the Spearman test for trend to identify any significant trends in cold front 
frequency and intensity. In Chapter Four. Spearman correlation coefficients are calculated 
and used along with the Median test and the Wilcoxon rank-sum test to examine the 
influence of the SO. PNA. and NAO teieconnection patterns on cold front variability in the 
southern United States. Lastly, composite maps of the 500 mb height data are plotted and 
examined in Chapter Five to identify the upper-air circulation patterns associated with 
extremes in cold front frequency and intensity.
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CHAPTER HI 
MONTHLY COLD FRONT FREQUENCIES
Information on the variability of cold fronts passing over the southern United States 
is needed to gain a more complete understanding of climate variability, especially 
temperature and precipitation variations, in the region. Chapter Three covers the first two 
objectives of this study’s investigation of cold front variability in the southern United States 
by developing a cold front climatology and identifying months having extremes in cold 
front frequency and in cold front intensity. This chapter specifically reports average 
monthly cold front frequencies and intensities for each grid cell and investigates the 
variability of monthly frequencies of cold fronts that: pass through the grid cell, are 
classified as strong cold fronts, and are classified as weak cold fronts.
A. Average Cold Front Frequencies
The average cold front frequency characteristics in the southern United States 
during the winter months are revealed through an examination of the monthly median cold 
front frequencies and the monthly percentages of cold front passages and non-passages in 
each grid cell. Cold front passages include each cold front that entered a grid cell, 
continued its eastward or southward movement, and passed through the cell. The 
non-passage category includes all cold fronts that entered a grid cell, became stationary, 
and eventually dissipated or moved northward out of the cell as a warm front. During a 
typical winter month, five to six cold fronts enter the southern United States grid cells, with 
the northern grid cells experiencing a slightly higher frequency of cold fronts (Table 3.1). 
The majority of cold fronts entering each grid cell are able to continue their movement and 
pass through the cell (Tables 3.1 and 3.2). Most of the region experiences five cold front 
passages, while grid cell seven has four cold front passages during a typical month (Table
29
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3.1). The average cold front frequency results generally agree with previous frontal 
climatologies for the southern United States, which had indicated that during a typical 
winter month: cold fronts are present over each southern United States grid cell on five to 
seven days (Morgan et al. 1975): and five to six cold fronts pass through the southern 
United States and enter the Gulf of Mexico (Henry 1979).
The percentage of cold front passages is generally highest over the western and 
northern grid cells and lowest over the southern grid cells. Over 90% of the cold fronts 
entering grid cells one and two are passages, while 87 to 88% of the cold fronts entering 
grid cells three through six are passages. The lowest percentage of cold front passages is 
in grid cell seven, where nearly one out of every five cold fronts does not pass through the 
cell (Table 3.2). One possible contributor to the higher percentage of cold front 
non-passages in Florida is the Bermuda High. When the Bermuda High is located near 
Florida, cold fronts entering the state are often unable to pass through and instead become 
stationary (Hsu 1998). The Gulf of Mexico and Atlantic ocean also may be contributors 
to the higher percentage of non-passages over Florida. The post-frontal air mass of cold 
fronts moving over Florida can be modified by the relatively warm waters of the Gulf and 
the Atlantic, resulting in the fronts becoming stationary and eventually dissipating.
Average cold front frequency characteristics in the southern United States are also 
examined for each of the five winter months. Because the mean upper-air circulation over 
the Northern Hemisphere exhibits some changes from one winter month to the next 
(Harman 1991). there may also be some intraseasonal differences in the tracks that 
cyclones take and in the resulting cold front frequencies and intensities over the southern 
United States. An examination of the monthly cold front frequencies indicates that January 
is the most active winter month, with six to seven cold fronts entering (Table 3.3) and five 
to six cold fronts passing through (Table 3.4) each grid cell. The percentage of cold front
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passages tends to be highest from December through February, with grid cells one through 
six usually experiencing at least 90% passages during these months (Table 3.5). The strong 
jet stream winds located over the eastern United States in the middle of winter, especially 
in January (Harman 1991), results in a higher percentage of cold front passages during this 
time of year. The percentage of cold fronts passing over the southern United States is 
lowest during March, with grid cells two through seven having cold front passage 
percentages between 78 and 85% (Table 3.5). The lower percentage of passages indicates 
that cold fronts are more likely to become stationary and eventually dissipate or move 
northward as a warm front. With the exception of grid cell one, all of the grid cells typically 
experience at least one cold front non-passage during this month (Table 3.6). A weakening 
of the jet stream winds during spring (Harman 1991) likely results in the lower percentage 
of cold front passages and the higher frequency of non-passages in March.
Table 3.1. Median Cold Front Frequencies per Winter-Season Month (All Months).
Cell 1 Cell 2 Cell 3 Cell 4 CellS Cell 6 Cell 7
Enter 6 6 6 6 6 5 5
Passage 5 5 5 5 5 5 4
Non—Passage 0 0 1 0 0 0 1
Table 3.2. Percentage of Cold Fronts Entering Each Grid Cell that are Passages and 
Non-Passages.
Cell 1 Cell 2 Cell 3 Cell 4 CellS Cell 6 Cell 7
Passage 93.17% 90.36% 87.31% 88.07% 88.41% 87.06% 80.99%
Non-Passage 6.83% 9.64% 12.69% 11.93% 11.59% 12.94% 19.01%
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An examination of the intensity values during each calendar month reveals that cold 
fronts entering the southern United States are strongest in the middle of winter, especially 
in December and January, weakest in November, and somewhat weaker in March (Table 
3.7). Taken together, the cold front frequency and intensity results indicate that cold fronts 
tend to be stronger and are able to pass through the southern United States more frequently 
without stalling during the mid-winter months, while the cold fronts entering the southern 
United States in November and March are generally weaker and tend to stall more 
frequently.
Table 3.3. Monthly Median Number of Cold Fronts Entering Each Grid Cell.
Month Cell 1 Cell 2 Cell 3 Cell 4 C ellS Cell 6 Cell 7
NOV 6 6 6 5 5 5 4
DEC 6 6 6 6 5 5 5
JAN 6 6 6 6 7 6 7
FEB 5 6 6 5 5 5 5
MAR 6 6 6 6 6 6 5
Table 3.4. Monthly Median Number of Cold Front Passages and the Departure from 
the Overall Median Passage Frequency for Each Grid Cell.
Month Cell 1 Cell 2 Cell 3 Cell 4 Cell 5 Cell 6 Cell 7
NOV 5 5 5 5 4 5 4
(-D
DEC 6 6 5 5 5 5 4
(+D (+1)
JAN 6 6 6 5 6 5 6
(+1) (+1) (+1) (+1) (+2)
FEB 5 5 5 5 5 5 5
(+1)
MAR 5 5 5 5 5 5 4
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Table 3.5. Percentage of Cold Fronts Entering Each Grid Cell that are Passages and 
the Departure from the Overall Percentage of Passages.







































































Table 3.6. Monthly Median Number of Cold Front Non-Passages.
Month Cell 1 Cell 2 Cell 3 Cell 4 Cell 5 Cell 6 Cell 7
NOV 0 1 1 0 0 0 1
DEC 0 0 0 0 0 0 1
JAN 0 0 1 0 0 0 1
FEB 0 1 1 0 0 0 I
MAR 0 1 1 1 1 1 1
Table 3.7. Monthly Median Intensity Values (°C/100 km) for Cold Fronts Entering 
Each Grid Cell.
NOV DEC JAN FEB MAR ALL
Cell 1 3.26 3.23 3.55 3.23 3.53 3.45
Cell 2 3.65 4.37 3.95 3.68 3.66 3.90
Cell 3 3.82 4.36 4.04 3.80 3.66 3.95
Cell 4 3.62 4.05 4.10 4.07 3.96 3.97
Cell 5 4.26 4.63 4.57 4.70 4.62 4.53
Cell 6 3.36 3.74 3.71 3.73 3.38 3.53
Cell 7 2.93 3.12 3.62 3.35 2.79 3.12
Note: Values in bold are above the overall grid cell median intensity value.
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Strong cold fronts are especially likely to pass over the southern United States 
without becoming stationary. Significant negative correlations are found between the 
percentage of Frontal Overrunning (FOR) weather at New Orleans (Muller 1977: Muller 
and Willis 1983) and strong cold front frequencies in many of the southern United States 
grid cells (Table 3.8). During months that strong cold fronts frequently enter the southern 
United States, very few fronts stall over the northern Gulf of Mexico, as indicated by a low 
percentage of FOR weather at New Orleans. No significant correlations are found between 
the frequency of weak cold fronts in the southern United States and the percentage of FOR 
weather at New Orleans (Table 3.8).
Table 3.8. Spearman Correlations between the Monthly Percentages of FOR 
Weather at New Orleans and Weak and Strong Cold Front Frequencies in the 
Southern United States.



































Note: bold probability values are significant at the 10% (*) or 5% (**) level.
B. Temporal Variability of Cold Front Passage Frequencies
While the first section of this chapter has provided a good overview of the "typical” 
cold front frequency and intensity characteristics during the winter months, it is also 
important to examine cold front variability. Cold front passage frequencies and intensities 
during individual months can be quite different from the average or median. The southern 
United States can experience a large range of cold front passage frequency values on the 
monthly or even seasonal time scale. The winter (November to March) cold front passage 
totals in grid cell seven (Figure 3.1) provide an excellent example of the large variations
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in cold front passage frequencies that can occur in the southern United States. There is a 
difference of 22 cold front passages between the highest frequency season in 1963-64 and 
the lowest frequency winter in 1988-89: an average difference of over four cold fronts per 
winter month. Because the majority o f cold fronts entering each grid cell during the winter 
months are passages (Table 3.2). the variability analysis focuses primarily on monthly cold 
front passage frequencies in the southern United States.
3 5 -----
30 ------
51-52 64-65 68-70 74-75 78-60 64-65 68-00
S e a s o n
Figure 3.1. Cold Front Passage Totals in Grid Cell Seven for the Winter Seasons 
1961-62 to 1989-90.
The range of monthly cold front passage frequency values in each grid cell in the 
southern United States is provided in Table 3.9. The lowest cold front passage frequency 
observed during any month varies from two passages in the northern grid cells to zero 
passages in grid cell seven. With the exception of grid cell seven, the interquartile range 
(25th and 75th percentiles) values are the same throughout the southern United States. 
During at least half of the months, grid cells one through six experience four to six cold 
front passages, while grid cell seven only experiences three to five cold front passages. The 
highest observed monthly cold front passage total is similar throughout the region, with 
each grid cell experiencing eight or nine cold front passages in at least one month (Table 
3.9).
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Cell 1 2 4 - 6 9
Cell 2 2 4 — 6 8
Cell 3 2 4 - 6 8
Cell 4 2 4 - 6 8
Cell 5 2 4 - 6 9
Cell 6 1 4 - 6 8
Cell 7 0 3 - 5 9
Overall, the range of monthly cold front passage frequency values is nearly the 
same in the northern grid cells. Grid cell six is also similar to the northern grid cells, 
especially since there was only one month when grid cell six experienced one cold front 
passage (Appendix E). Cold front passage activity in grid cell seven is quite different from 
the rest of the southern United States. While grid cell seven has the lowest interquartile 
range (Table 3.9) and the lowest median passage frequency (Table 3.1), it also has several 
extremely high and extremely low cold front passage frequency months. Grid cell seven 
experienced one or zero cold front passages during seven months and eight or nine cold 
front passages in six months (Appendix E). Only grid cell two has a higher number of 
months with eight or nine cold front passages (Appendix E). The higher range of cold front 
passage frequencies in grid cell seven is likely related to the PNA pattern. During most 
winters Florida tends to experience fewer cyclones than the rest of the southeastern United 
States. During meridional winters however. Florida appears to experience an increase in 
cyclone frequencies and the resulting number of rain events (Henderson and Robinson 
1994). This association will be explored in detail in the next chapter.
An important component of understanding cold front variability is the 
identification of high and low cold front frequency months. It is these extreme frontal
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frequency months that are likely to be associated with extremes in climate, such as frequent 
rain events in the southeast (Henderson and Robinson 1994). High frequency months 
included only those months which had a cold front passage frequency above the 80th 
percentile, while low frequency months included any month having a cold front passage 
frequency at or below the 20th percentile. Those months having seven or more cold front 
passages in any of the southern United States grid cells were identified as high cold front 
passage frequency months. Low frequency months in grid cells one through six included 
those months having three or fewer cold front passages. With a higher percentage of 
non-passages over Florida (Table 3.2). low frequency months in grid cell seven included 
those months having two or fewer cold front passages.
It is important to note that the number of high and low cold front passage frequency 
months in each grid cell is usually less than 29 months (20% of all months). Because 
several months have the same cold front passage frequency (Appendix E), it is unlikely that 
exactly 29 months will have a passage frequency greater than the 80th percentile or less 
than or equal to the 20th percentile for each grid cell. Grid cell six, for example, only has 
12 months with at least seven cold front passages. However, using six cold front passages 
as a cutoff for grid cell six would have resulted in including 44 months (30.34% of all 
months). Grid cell two actually has 30 months (20.7% of all months) with seven or more 
passages. But, using eight cold front passages as a cutoff would have resulted in grid cell 
two having only seven high frequency months (Appendix E).
The high and low cold front passage frequency months were examined to identify 
the time of year when they most frequently and least frequently occur. High cold front 
passage months occur most frequently in January (Table 3.10), when the je t stream winds 
are strongest over the eastern United States. It was surprising to find that March tied 
December for the second highest total of high frequency months, since a higher percentage
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of March cold fronts become stationary (Table 3.5). There is an increased tendency for 
short-wave troughs to pass over the western United States during March (Harman 1991), 
which would likely contribute to an increase in the number of cyclones and cold fronts 
passing over the region. Low cold front passage frequency months are observed most often 
during November and March and least often in January (Table 3.11). The large number 
of low cold front passage frequency months in November and March likely results from 
a higher percentage of cold fronts becoming stationary during these months.
Table 3.10. Time of Year When High Cold Front Passage Frequency Months Occur.
NOV DEC JAN FEB MAR
Cell 1 7 6 9 1 7
Cell 2 6 8 9 2 5
Cell 3 4 2 9 3 5
Cell 4 2 3 9 4 3
Cell 5 2 5 10 4 5
Cell 6 2 2 6 1 1
Cell 7 0 I 8 3 I
Total 23 27 60 18 27
Table 3.11. Time of Year When Low Cold Front Passage Frequency Months Occur.
NOV DEC JAN FEB MAR
Cell 1 3 3 2 3 2
Cell 2 4 3 0 2 3
Cell 3 7 2 1 1 5
Cell 4 4 2 1 3 6
Cell 5 6 3 1 5 8
Cell 6 10 5 3 5 7
Cell 7 3 1 3 3 4
Total 37 19 11 22 35
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The interannual variability of high and low cold front passage frequency months 
was also examined by five-year periods. High cold front passage frequency months 
occurred most often during the 1976/77 -  1980/81 time period and least often during the 
last four winters of the study period (Table 3.12). Low cold passage frequency months were 
found to occur least often during the 1970s (Table 3.13). It appears that the late 1970s and 
the first few winters of the 1980s were characterized by frequent cold front passages, with 
several high cold front passage months and relatively few low cold front passage frequency 
months.
The monthly cold front passage frequencies in each grid cell were also examined 
for trends. Very few months are found to exhibit significant trends (p <  0.10) in terms of 
cold front passage frequencies in any of the grid cells (Table 3.14). The paucity of months 
having significant trends is probably at least partially the result of the short period of record 
(only 29 winters) and the relatively low range of monthly cold front passage frequency 
values (Appendix E). Significant trends in the frequency of cold front passages are found 
for: grid cell three during November (increasing), grid cells one, two, and six in February 
(decreasing), and grid cell six during March (decreasing).
The trends in cold front passage frequencies in the southern United States tend to 
agree with Rohli and Henderson’s (1997) examination of the frequencies of winter-season 
anticyclones affecting New Orleans and the central Gulf coast. The number of Pacific 
Highs (anticyclones originating from over the Pacific ocean) affecting New Orleans during 
November increased significantly during the years 1961 to 1988. Therefore, the increasing 
trend in November cold front passages over grid cell three may be the result of an increase 
in Pacific cold fronts affecting the region. Similar to the frequencies of February cold front 
passages in grid cells one, two, and six, the number of Continental Highs (anticyclones 
associated with continental polar air masses) affecting the central Gulf coast during
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February has also decreased over time (Rohli and Henderson 1997). One possible cause 
of the decrease in February cold front passages and Continental Highs may be the tendency 
for the upper-air circulation over the United States to be more zonal in recent years (Rohli 
and Henderson 1998).
Table 3.12. N um ber of High Cold Front Passage Frequency Months O ccurring in 



















Cell 1 4 8 6 6 4 2
Cell 2 5 7 3 5 7 3
Cell 3 2 3 4 7 5 2
Cell 4 4 4 3 5 3 2
CellS 5 5 2 8 4 2
Cell 6 2 4 3 2 1 0
Cell 7 4 0 0 5 3 1
AH Cells 26 31 21 38 27 12
Note: * -  The final time period only includes four winter seasons.
Table 3.13. N um ber o f Low Cold Front Passage Frequency Months O ccurring in 



















Cell 1 2 2 0 3 3 3
Cell 2 2 2 0 3 4 1
Cell 3 5 5 0 2 3 1
Cell 4 5 3 2 0 4 2
Cell 5 5 3 3 2 5 5
Cell 6 4 6 5 3 6 4
Cell 7 2 0 3 2 3 4
All Cells 25 21 13 15 28 20
Note: * -  The final time period only includes four winter seasons.
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Table 3.14. Spearman Test for Trend in the Monthly Totals of Cold Front Passages 
in Each Grid Cell.



























































































Note: Bold probability values are significant at the 10% (*), 5% (**). or 1% (***) 
level.
C. Weak and Strong Cold Fronts
While two months may have the same cold front passage frequency for a grid cell, 
the cold fronts during one month may be much stronger than the cold fronts in the second 
month, possibly resulting in a significant difference in the impacts (e.g. number of freezes) 
during the two months. Therefore, it is necessary to examine the intensity characteristics 
of southern United States cold fronts to gain a full understanding of cold front variability 
in the region. The intensity analysis includes the identification and analysis of: weak and 
strong cold fronts, months having extremes in the frequency of weak and strong cold fronts, 
and significant trends in the monthly frequencies of weak and strong cold fronts.
The median and interquartile range intensity values for the cold fronts entering each 
southern United States grid cell are listed in Table 3.15. An examination of Table 3.15 and 
Appendix D reveals that cold front intensity values tend be highest in grid cells having
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
42
several station pairs and shorter distances between stations (e.g. grid cell five) and lowest 
in grid cells with very few station pairs and larger distances between stations (e.g. grid cell 
one). The differences in cold front intensities between the grid cells justifies the decision 
to identify the weak, moderate, and strong intensity categories separately for each grid cell. 
Table 3.16 lists the intensity values associated with the weak and strong cold fronts in each 
grid cell.
The monthly frequencies of the weak and strong cold fronts are relatively low, with 
most months having three or fewer weak and three or fewer strong cold fronts (Appendix 
F). Part of the reason for the low monthly totals of weak and strong cold fronts is that many 
cold fronts enter and pass through a grid cell in between the daily weather map observation 
times and will not have a measured intensity value for that particular grid cell. 
Approximately 60% of the cold fronts entering each grid cell have measured intensity 
values. While not all cold fronts have measured intensity values, it is assumed that the 
monthly cold front intensity category totals provide an adequate representation of the 
intensity of all cold fronts entering each grid cell during each month. Another reason for 
the low monthly totals is that the weak, moderate, and strong intensity categories each 
contain a third of a grid cell’s cold front intensity values. The definition of months having 
a high frequency of weak cold fronts and of months having a high frequency of strong cold 
fronts is the same for every grid cell. All months having three or more weak cold fronts 
or three or more strong cold fronts are classified as high frequency months. Because there 
were several months with no weak cold fronts or no strong cold fronts (Appendix F), low 
frequency months by default include those months having no strong cold fronts or no weak 
cold fronts.
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Table 3.15. Median and Interquartile Range Intensity Values (°C/100 km) for Cold 
Fronts Entering Each Grid Cell.
Median Interquartile Range
Cell 1 3.450 2.63 -  4.37
Cell 2 3.899 2.95 -  4.94
Cell 3 3.946 3.11 -4 .8 6
Cell 4 3.969 3 .2 0 -4 .9 1
CellS 4.534 3.61 -5 .5 9
Cell 6 3.530 2 .5 1 -4 .8 7
Cell 7 3.120 2.41 -3 .9 5
Table 3.16. Cutoff for the Identification of Weak and Strong Cold Fronts (°C/100km).
Cell 1 Cell 2 Cell 3 Cell 4 Cell 5 Cell 6 Cell 7
Weak <  2.8805 <3.2474 < 3.4203 <3.412 <3.9509 < 2.8014 < 2.6866
Strong >3.92 >4.58 >4.38 >4.425 >5.163 >4.274 >3.612
The temporal variability of the months having a high frequency of weak cold fronts 
and those months having a high frequency of strong cold fronts was examined through: the 
identification of the time of year when these months most frequently and least frequently 
occur, and the investigation of the interannual variability of these months. Months with 
a high frequency of weak cold fronts are observed most often in November and March 
(Table 3.17), during the time of year when cold fronts tend to be weakest (Table 3.7). 
Months having a high frequency strong cold fronts are found to occur most frequently 
during December and January (Table 3.18), when cold fronts tend to be strongest (Table 
3.7). An examination of the interannual variability revealed that months having a high 
frequency of weak cold fronts occurred most often from the mid-1970s to the mid-1980s 
(Table 3.19). Months having a high frequency of strong cold fronts did not show much 
interannual variability, occurring at roughly the same frequency throughout the 29 winters 
(Table 3.20).
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The monthly frequencies of weak and strong cold fronts were also analyzed for 
trends. The Spearman test revealed very few significant trends in the monthly frequency 
of weak cold fronts (Table 3.21). and no significant trends in the frequency of strong cold 
fronts (Table 3.22). The frequency of weak cold fronts was found to increase over time 
in grid cell one during January and in grid cell four during March. The lack of significant 
trends is probably at least partially the result of the low number of weak and strong cold 
fronts in each month (Appendix F).
Table 3.17. Time of Year When Months Having a High Frequency of Weak Cold 
Fronts Occur.
NOV DEC JAN FEB MAR
Cell 1 7 3 3 2 3
Cell 2 2 1 2 5 7
Cell 3 5 1 3 5 7
Cell 4 4 2 3 3 5
C ells 3 0 3 0 3
Cell 6 5 1 3 0 4
Cell 7 1 4 4 2 4
Total 27 12 21 17 33
Table 3.18. Time of Year When Months Having a High Frequency of Strong Cold 
Fronts Occur.
NOV DEC JAN FEB MAR
Cell 1 5 5 3 1 3
Cell 2 0 8 4 3 4
Cell 3 2 7 5 0 5
Cell 4 1 7 5 3 3
CellS 0 1 5 3 1
Cell 6 3 4 6 3 1
Cell 7 2 5 8 3 0
Total 13 37 36 16 17
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Cell 1 I 3 3 3 6 2
Cell 2 4 I 2 5 4 1
Cell 3 4 2 3 5 5 2
Cell 4 3 1 2 5 5 1
CellS 0 I I 4 3 0
Cell 6 2 1 0 4 5 1
Cell 7 1 1 2 4 5 2
All Cells 15 10 13 30 33 9
Note: * -  The final time period only includes four winter seasons.




















Cell 1 2 5 1 3 3 3
Cell 2 2 5 4 2 3 3
Cell 3 2 4 3 2 6 2
Cell 4 2 5 3 3 4 2
Cell 5 1 0 5 1 2 1
Cell 6 3 3 5 3 2 I
Cell 7 3 1 3 5 2 4
All Cells 15 23 24 19 22 16
Note: * -  The final time period only includes four winter seasons.
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Table 3.21. Spearman Test for Trend in the Monthly Totals of Weak Cold Fronts for 
Each Grid Cell.




- 0 . 0 1 2
0 . 9 5 3
- 0 . 0 3 3
0 . 8 6 4
0 . 1 4 4
0 . 4 5 5
0 . 1 6 8
0 . 3 8 5
- 0 . 1 5 4
0 . 4 2 4
0 . 0 3 3
0 . 8 6 7
0 . 0 4 5




- 0 . 0 9 6
0 . 6 2 0
0 . 0 8 0
0 . 6 7 9
0 . 0 6 4
0 . 7 4 1
- 0 . 0 0 6
0 . 9 7 5
0 . 2 4 2
0 . 2 0 7
- 0 . 0 2 7
0 . 8 8 9
0 . 2 2 6





0 . 3 3 1
0.080
0 . 1 6 9
0 . 3 8 0
0 . 1 4 5
0 . 4 5 4
0 . 0 7 1
0 . 7 1 5
- 0 . 0 0 6
0 . 9 7 6
0 . 1 0 3
0 . 5 9 4
0 . 2 0 2




0 . 1 8 3
0 . 3 4 2
- 0 . 0 4 7
0 . 8 0 8
- 0 . 1 1 4
0 . 5 5 7
0 . 3 0 5
0 . 1 0 8
- 0 . 1 1 5
0 . 5 5 1
0 . 0 4 0
0 . 8 3 9
0 . 9 4 5




0 . 2 7 5
0 . 1 4 9
- 0 . 0 4 9
0 . 7 9 9
0 . 2 4 3
0 . 2 0 5
*
0 . 3 6 4
0.052
0 . 2 6 3
0 . 1 6 7
0 . 1 8 5
0 . 3 3 6
0 . 1 7 8
0 . 3 5 6
Note: Bold probability values are significant at the 10% (*), 5% (**). or 1% (***) 
level.
Table 3.22. Spearman Test for Trend in the Monthly Totals of Strong Cold Fronts in 
Each Grid Cell.




0 . 2 9 5
0 . 1 2 0
- 0 . 0 4 4
0 . 8 1 9
- 0 . 0 2 7
0 . 8 8 9
- 0 . 0 1 7
0 . 9 3 0
- 0 . 0 8 9
0 . 6 4 6
- 0 . 2 4 0
0 . 2 1 0
0 . 2 1 4




0 . 1 6 2
0 . 4 0 1
0 . 1 6 0
0 . 4 0 6
0 . 1 6 8
0 . 3 8 3
0 . 2 9 5
0 . 1 2 0
- 0 . 0 7 0
0 . 7 1 9
0 . 0 9 5
0 . 6 2 5
0 . 1 6 4




- 0 . 1 9 7
0 . 3 0 5
- 0 . 0 2 4
0 . 9 0 2
- 0 . 1 6 7
0 . 3 8 7
- 0 . 0 2 4
0 . 9 0 0
- 0 . 2 4 7
0 . 1 9 7
- 0 . 1 7 6
0 . 3 6 1
0 . 1 1 5




- 0 . 0 5 7
0 . 7 7 1
0 . 2 8 3
0 . 1 3 7
0 . 0 5 6
0 . 7 4 4
- 0 . 1 3 4
0 . 4 8 8
0 . 0 4 3
0 . 8 2 4
0 . 0 2 5
0 . 8 9 9
- 0 . 1 7 3




0 . 2 7 5
0 . 1 4 9
0 . 0 0 7
0 . 9 7 2
- 0 . 1 2 3
0 . 5 2 7
0 . 0 7 9
0 . 6 8 5
- 0 . 0 2 6
0 . 8 9 5
0 . 0 2 1
0 . 9 1 4
- 0 . 1 0 2
0 . 5 9 9
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D. Summary
A general climatology of cold front activity in the southern United States has been 
provided in Chapter Three. The majority of cold fronts entering each grid cell are able to 
pass through without becoming stationary. The percentage of cold front passages is highest 
over the northwestern grid cells and lowest over grid cell seven. During a typical month, 
most of the region experiences five cold front passages, while only four cold fronts pass 
over grid cell seven. The lower frequency of cold front passages over Florida is likely due 
to its close proximity to the Atlantic and Gulf of Mexico.
Differences in cold front frequencies and intensities between the Five winter months 
have also been identified. The percentage of cold front passages in the region is generally 
highest from December through February, with most grid cells experiencing six cold front 
passages during January. The higher percentage of passages during this time of year results 
from a strong jet stream located over the eastern United States. The lowest percentages of 
cold front passages occur during March, when grid cells two through seven typically 
experience at least one non-passage during the month. The lower percentage of passages 
in March likely results from the weakening of the jet stream winds in spring. Cold fronts 
entering the southern United States during winter were also found to be strongest in 
December and January and weaker in March and November.
The monthly variations in cold front passage frequencies and cold front intensities 
in the southern United States were also examined. The lowest observed monthly cold front 
passage frequencies ranged from two passages in the northern grid cells to zero passages 
in grid cell seven, while the maximum observed monthly cold front passage frequency was 
either eight or nine passages. The range of monthly cold front passage frequencies was 
generally similar throughout the southern United States. The only exception was grid cell 
seven, which tended to have more low passage frequency months. All months having at
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least seven cold front passages were identified as high passage frequency months. In grid 
cells one through six. low passage frequency months included those months with three or 
fewer cold front passages. In grid cell seven, months with two or fewer passages were 
identified as low passage frequency months. In terms of cold front intensity, months having 
at least three weak cold fronts or at least three strong cold fronts were identified as high 
frequency months in the southern United States grid cells.
The high and low cold front frequency months were examined to identify when 
they most often and least often occur. The high cold front passage frequency months occur 
most often in January, when a strong jet stream is typically located over the eastern United 
States. Months having a high frequency of strong cold fronts are observed most frequently 
during December and January. Months having a high frequency of weak cold fronts and 
months having a low cold front passage frequency occur most frequently in November and 
March.
An examination of the interannual variability of high and low cold front passage 
frequency months revealed that several high cold front passage frequency months and 
relatively few low cold front frequency months occurred during the late 1970s and the first 
couple of winters of the 1980s. The months with a high frequency of strong cold fronts 
were fairly evenly distributed throughout the 29 winter seasons. Months having a high 
frequency of weak cold fronts occurred most often from the mid-1970s to the mid-1980s. 
These results indicate that the winters of the late 1970s and the first couple of years of the 
1980s were characterized by frequent cold front passages, with many of these cold fronts 
having a weak intensity.
The trend analysis of the monthly cold front frequencies (passages, weak, and 
strong) revealed very few significant trends, which may be partially attributable to the short 
period of record and the relatively low range of cold front frequency values. The frequency
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of cold fronts passing over grid cell three during November has increased over time and 
may be a result of an increase in the number of Pacific cold fronts entering the region. 
Decreasing trends in cold front passage frequencies are also found during February in the 
western half of the region (grid cells one. two. and six) and during March in grid cell six. 
The decreasing cold front passage frequencies during February and March may be the 
result of a tendency for the upper-air circulation to be more zonal over the United States 
in recent winters.
In addition to providing a climatology of southern United States cold fronts. 
Chapter Three has indicated that certain upper-air circulation patterns may be important 
for understanding cold front variability in the region, such as the PNA teleconnection 
pattern for cold front passages over Florida. The next two chapters will examine the role 
of the upper-air circulation. Chapter Four examines the influence of atmospheric 
teleconnection patterns on cold front variability in the southern United States, while 
Chapter Five identifies the circulation patterns associated with months having extremes in 
cold front frequency and intensity in the region.
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CHAPTER IV
INFLUENCE OF ATMOSPHERIC TELECONNECTION
PATTERNS
The influence of the SO. PNA. and NAO teleconnection patterns on southern 
United States cold front variability is investigated in this chapter. These three 
teleconnection patterns not only affect the intensity and movement of mid-latitude 
cyclones over North America (Lau 1988). but also have an important influence on 
winter-season climate (e.g. temperature and precipitation) variability in the southern 
United States (Ropelewski and Halpert 1986: Leathers et al. 1991; Henderson and 
Robinson 1994; Rogers 1984). The influence of these three teleconnection patterns on 
southern United States cold front variability is studied by correlating the monthly cold front 
passage frequencies in each grid cell with the monthly index values of each teleconnection 
pattern, and by examining the differences in median cold front passage frequencies and 
median cold front intensities between the opposite phases of each teleconnection pattern.
A. Southern Oscillation
The influence of the SO teleconnection pattern on cold front variability is first 
examined by correlating the monthly SOI values with the monthly cold front passage 
frequencies in each grid cell. Significant differences in cold front passage frequencies and 
cold front intensities during El Nino and La Nina months are then identified. When the 
association between the SOI and cold front passages is examined for all months during the 
study period, significant positive Spearman correlation coefficients are found in grid cells 
one through five (Table 4.1). The Spearman correlation coefficients for the individual 
months show similar results, with grid cells one through four having at least one winter
50
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month with a significant positive correlation value. The only negative correlation found 
is for January cold front passages over grid cell seven (Table 4.1).
The Spearman correlation results indicate that the number of cold fronts passing 
over the northern grid cells may be significantly higher during La Nina (positive SOI) 
winters and significantly lower during El Nino (negative SOI) winters. To determine if 
cold front passage frequencies during the opposite phases of ENSO are significantly 
different, median monthly cold front passage frequencies during El Nino and La Nina 
months are compared for each grid cell. The El Nino and La Nina events included in this 
study were taken from Kiladis and Diaz (1989), who used a combination of the SOI and 
sea surface temperature anomalies in the eastern equatorial Pacific to identify when the 
opposite phases of ENSO occurred. Seven El Nino (1963-64, 1965-66, 1969-70. 
1972-73. 1976-77, 1982-83. 1986-87) and five La Nina (1964-65. 1970-71, 1973-74. 
1975-76. 1988-1989) winters (November through March) were identified for the 1961-90 
time period.
During El Nino winters, the median cold front passage frequencies indicate that the 
southern United States tends to experience four to five passages each month (Figure 4.1). 
Median cold front passage frequencies during La Nina months range from six passages 
over the western part of the region to four cold front passages over the Florida peninsula 
(Figure 4.2). A comparison of the El Nino and La Nina months reveals that the northern 
grid cells tend to experience a higher (lower) frequency of cold front passages during La 
Nina (El Nino) events, while grid cell seven tends to have a higher (lower) frequency of 
cold front passages during El Nino (La Nina) events (Figure 4.3). Although, cold front 
passage frequencies during El Nino and La Nina events are different in many of the grid 
cells, the Median test reveals that none of these differences are statistically significant 
(Table 4.2).
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Table 4.1. Spearman Correlations between the SOI and Monthly Cold Front Passage 
Frequencies in Each Grid Cell.
MONTH Cell 1 Cell 2 Cell 3 Cell 4 CellS Cell 6 Cell 7
All *** ** * * *** *
rs 0.231 0.206 0.206 0.227 0.157 0.060 -0.069
P 0.005 0.013 0.013 0.006 0.059 0.474 0.407
NOV
rs 0.095 0.145 0.079 0.233 0.266 0.173 0.231
p 0.623 0.452 0.685 0.224 0.163 0.369 0.228
DEC
rs -0.080 -0.138 -0.079 0.061 0.019 -0.155 -0.048
P 0.679 0.475 0.684 0.752 0.920 0.422 0.805
JAN * *
rs 0.345 0.207 0.202 0.132 -0.023 0.075 -0.343
P 0.067 0.281 0.294 0.495 0.904 0.698 0.069
FEB ** ** * *
rs 0.422 0.457 0.349 0.345 0.149 0.059 -0.032
P 0.023 0.013 0.063 0.067 0.440 0.759 0.870
MAR * *
rs 0.320 0.238 0.336 0.300 0.295 0.061 -0.174
p 0.090 0.214 0.075 0.114 0.121 0.752 0.368
Note: bold probability values are significant at the 10% (*), 5% (**), or 1% (***) 
level.
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Figure 4.1. Median Cold Front Passage Frequencies in Each Grid Cell during El Nino 
Months.
Figure 4.2. Median Cold Front Passage Frequencies in Each Grid Cell during La 
Nina Months.
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Figure 4.3. Difference in the Median Number of Cold Front Passages (El Nino minus 
La Nina).
Table 4.2. Median Test Probability Values for the Comparison of Monthly Cold Front 
Passage Frequencies during the Opposite Phases of Each Teleconnection Pattern.
Cell 1 Cell 2 Cell 3 Cell 4 Cell 5 Cell 6 Cell 7
ENSO
P 0.205 0.830 1.000 0.373 1.000 1.000 0.218
PNA











Note: bold probability values are significant at the 10% (*), 5% (**), or 1% (***) 
level.
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Table 4.3. Wilcoxon Rank-Sum Test Probability Values -  Comparison of Median 
Cold Front Intensity Values during Opposite Phases of the ENSO, PNA, and NAO 
Teleconnection Patterns.
Cell 1 Cell 2 Cell 3 Cell 4 CellS Cell 6 Cell 7
ENSO 0.0032 0.0001 0.0310 0.0275 0.0032 0.0325 0.1561
PNA 0.0004 0.0006 0.0001 0.0869 0.0033 0.2879 0.4913
NAO 0.0369 0.2595 0.2326 0.7295 0.8630 0.0390 0.5043
Note: bold probability values are significant at the 10% level.
While cold front frequencies are not significantly affected by ENSO events, 
differences do exist in the intensity of cold fronts entering the southern United States during 
the opposite phases of ENSO. The median cold front intensity values during the El Nino 
and La Nina phases of ENSO are found by the Wilcoxon rank-sum test (Siegel and 
Castellan p. 128) to be significantly different in grid cells one through six (Table 4.3). with 
cold fronts having higher intensity values during La Nina months than during El Nino 
months (Table 4.4).
The differences in cold front passage frequencies and cold front intensities between 
El Nino and La Nina events may be the result of differences in jet stream positions during 
the two phases of ENSO. During El Nino winters, an enhanced subtropical jet stream 
extends from the eastern North Pacific over Mexico and the Gulf of Mexico (Yamal 1985; 
Aceituno 1989; Cavazos and Hastenrath 1990). Florida (grid cell seven) is likely to 
experience a higher frequency of cold front passages during El Nino winters, when the 
subtropical jet contributes to an increase in the number of cyclones forming in the Gulf of 
Mexico (Manty 1993). The northern grid cells are likely to experience fewer cold front 
passages during El Nino winters, as a higher number of cyclones form over the Gulf to the 
south. During La Nina months, the subtropical jet stream is not present over Mexico and 
the southern United States. Instead, cold front passages during these months are associated
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with a more northerly located polar jet stream (Mote 1996). During La Nina winters, a 
more northerly located cyclone track associated with the polar jet stream results in more 
cyclones passing over the northern grid cells and fewer cyclones, especially those 
originating in the Gulf, passing over Florida. Cold fronts also tend to be stronger during 
La Nina winters, because of the polar jet stream bringing higher-latitude air masses into 
the region after frontal passage.












Cell 1 3.006 3.553 2.535 -  3.946 2.899-4.516
Cell 2 3.496 4.492 2.718 -4.569 3.278 -  5.650
Cell 3 3.752 3.939 2.976 -  4.500 3.402 -  5.046
Cell 4 3.788 4.077 3.099-4.459 3.404 -  5.440
Cell5 4.273 5.057 3.349 -  5.360 4.040 -  6.073
Cell 6 3.392 3.744 2.487-4.557 2.985-4.935
Cell 7 3.264 3.538 2.669 -  3.958 2.714-4.617
B. Pacific / North American Teleconnection Pattern
The relationship between the PNA pattern and southern United States cold front 
variability is examined by correlating the monthly PNA values with the monthly cold front 
passage frequencies in each grid cell and through the identification of significant 
differences in cold front passage frequencies and cold front intensities between the 
meridional and zonal months. The investigation of the association between the PNA 
pattern and cold front passage frequencies for all months reveals statistically significant 
correlations for grid cells one and seven (Table 4.5). The PNA index is negatively 
correlated with cold front passage frequencies in grid cell one and positively correlated 
with the frequency of cold front passages over grid cell seven. The individual month
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correlations also reveal a significant positive association between the PNA pattern and cold 
front passage frequencies in grid cell seven in every month except March. The majority 
of the significant individual month correlations in the other grid cells are negative (Table
4.5). The Spearman correlation results strongly suggest that the frequency of cold front 
passages over grid cell seven may be significantly higher (lower) during the meridional 
(zonal) phase of the PNA. Previous precipitation studies for Florida also provide evidence 
of higher (lower) cold front passage frequencies over Florida during meridional (zonal) 
flow conditions. During meridional (zonal) winters. Florida also experiences an increase 
(decrease) in the number of rain events (Henderson and Robinson 1994) and winter 
precipitation totals (Henderson and Vega 1996).
Table 4.5. Spearman Correlations between the PNA Index and Monthly Cold Front 
Passage Frequencies in Each Grid Cell.





- 0 . 2 4 1
0.004
- 0 . 1 3 2
0 . 1 1 4
0 . 0 1 4
0 . 8 6 9
- 0 . 0 2 3
0 . 7 8 1
- 0 . 0 5 6
0 . 5 0 5
- 0 . 0 2 8
0 . 7 3 5
***





- 0 . 0 4 7
0 . 8 0 8
- 0 . 0 6 0
0 . 7 5 8
0 . 1 7 1
0 . 3 7 5
0 . 3 0 8
0 . 1 0 4
*
0 . 3 4 6
0.066
0 . 0 6 8
0 . 7 2 5
**






- 0 . 3 6 0
0.055
**
- 0 . 4 2 6
0.021
- 0 . 2 7 5
0 . 1 4 9
*
- 0 . 3 1 5
0.096
- 0 . 2 4 7
0 . 1 9 6
- 0 . 1 3 4
0 . 4 8 8
*





- 0 . 2 9 0
0 . 1 2 7
0 . 0 4 4
0 . 8 2 1
0 . 1 7 5
0 . 3 6 4
0 . 2 0 0
0 . 2 9 9
0 . 0 9 6
0 . 6 1 9
0 . 2 3 2
0 . 2 2 7
**





- 0 . 3 1 0
0.101
- 0 . 0 2 4
0 . 9 0 2
0 . 2 0 9
0 . 2 7 8
0 . 0 6 2
0 . 7 5 1
0 . 1 7 2
0 . 3 7 2
- 0 . 0 5 3
0 . 7 8 3
* * *





- 0 . 3 0 2
0.111
- 0 . 2 5 4
0 . 1 8 3
- 0 . 2 1 4
0 . 2 6 4
*
- 0 . 3 1 3
0.098
* *
- 0 . 4 3 2
0.019
- 0 . 2 9 7
0 . 1 1 7
0 . 1 6 2
0 . 4 0 1
Note: bold probability values are significant at the 10% (*), 5% (**), or 1% (***) level.
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The significant negative correlation coefficient between the PNA index and cold 
front passage frequencies in grid cell one indicates that western Texas experiences higher 
cold front passage frequencies during months that the PNA index is extremely negative. 
During these reverse PNA months, the upper-air pattern is characterized by a ridge over 
the northeastern North Pacific, a trough over western North America, and a ridge over 
eastern North America (Yamal and Leathers 1988). The most favorable location for 
cyclone development is between an upper-air trough and upper-air ridge (Harman 1991: 
Barry and Chorley 1992). Therefore, the upper-air flow between the western trough and 
eastern ridge provides the support needed for the frequent formation and subsequent 
movement of cyclones in the vicinity of west Texas. Grid cell one is also likely to 
experience very few cold front passages under meridional flow conditions, when a ridge 
is located over western North America.
An evaluation of the influence of the PNA pattern on cold front passage frequencies 
in the southern United States, especially in grid cells one and seven, is provided through 
a comparison of cold front passage frequencies during meridional (PNA index > 1) 
months and zonal (PNA index <  -  I) months. An examination of the median monthly cold 
front passage frequencies associated with the PNA pattern indicate that the southern United 
States grid cells experience four to five cold front passages during both meridional and 
zonal months (Figures 4.4 and 4.5). A comparison of cold front passage frequencies during 
meridional and zonal months reveals: no difference in cold front passage frequencies in the 
western and central portions of the region, a tendency for grid cells four and five to 
experience fewer (more) cold front passages during meridional (zonal) flow, and a 
tendency for a higher (lower) frequency of cold front passages over the Florida peninsula 
during meridional (zonal) flow (Figure 4.6). The Median test was used to test the statistical 
significance of these differences and indicates that the frequency of cold front passages
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over Florida during the meridional and zonal flow regimes is significantly different (Table 
4.2).
An examination of the median cold front intensity values during the opposite 
phases of the PNA pattern indicates that cold fronts entering grid cells one through five are 
significantly stronger during zonal months than during meridional months (Tables 4.3 and
4.6). While not statistically significant, grid cell seven tends to experience stronger cold 
front passages during meridional months (Table 4.6). Stronger cold front passages in the 
western part of the region, including grid cell one and possibly grid cell two. may be 
associated with the reverse PNA pattern. The northerly upper-air flow between the ridge 
over the northeastern North Pacific and the trough over the western United States should 
allow for the more frequent intrusion of colder air masses and stronger cold fronts into the 
western part of the study region.
Figure 4.4. Median Cold Front Passage Frequencies in Each Grid Cell during the 
Meridional Phase of the PNA.
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Figure 4.5. Median Cold Front Passage Frequencies in Each Grid Cell during the 
Zonal Phase of the PNA.
Figure 4.6. Difference in the Median Number of Cold Front Passages for the Opposite 
Phases of the PNA Teleconnection Pattern (Meridional minus Zonal).
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Table 4.6. Cold Front Intensity Values (°C/100 km) during High PNA (Meridional) 











Cell I 3.110 3.971 2.572 -  3.938 2 .930-4 .933
Cell 2 3.543 4.274 2.857 -  4.705 3.093 -  5.697
Cell 3 3.617 4.262 2.750 -  4.365 3.479 -  5.543
Cell 4 3.684 4.131 3 .104-4 .504 3.202 -  5.430
Cell 5 4.315 4.719 3.051 -5 .3 0 0 3.911 -6 .0 7 2
Cell 6 3.452 3.725 2.487 -  4.959 2.895 -  5.053
Cell 7 3.245 2.892 2 .644-3 .832 2.436 -  3.898
It is more difficult to provide an explanation for the tendency for stronger cold 
fronts passing over grid cells three, four, and five during the zonal flow pattern. The 
meridional phase of the PNA pattern, characterized by an amplified ridge over the western 
United States and a deepened trough over the southeast, allows for the more frequent 
intrusion of polar and arctic air masses into the southern United States (Leathers et al. 
1991). The meridional upper-air pattern has also been previously linked to lower winter 
temperatures in the southeastern United States (Leathers et al. 1991) and a higher 
frequency of extreme cold days over the south—central United States (Henderson and 
Muller 1997) during the winter season. Therefore, it would seem more likely that strong 
cold front passages in the southeast would be associated with meridional flow, as evidenced 
by the tendency for stronger cold front passages over grid cell seven during meridional 
months (Table 4.6). One possible explanation for the tendency for weaker cold fronts in 
grid cells three, four, and, five during meridional months is that the base of the upper-air 
trough may be located to the south of these grid cells during strong meridional flow. With 
the upper-air trough extending over the Gulf or Florida, grid cells three, four, and five 
would be located between the western United States upper-air ridge and the upper-air
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trough over the southeast. The region between an upper-air ridge and downstream 
upper-air trough is characterized by upper-level convergence, which inhibits cyclone 
development (Harman 1991). Therefore, cyclones and their cold fronts traveling between 
the western United States ridge and southeastern United States would tend to be weaker. 
Another possible explanation for the weaker cold fronts in grid cells three, four, and five 
during meridional months is that the temperature behind the cold fronts may not be that 
much lower than the air mass ahead of the front, because of the tendency for cooler 
conditions over the southeast during meridional months.
C. North Atlantic Oscillation
The influence of the NAO teleconnection pattern on cold front variability is first 
examined by correlating the monthly NAO index values with the monthly cold front 
passage frequencies in each grid cell. Significant differences in cold front passage 
frequencies and cold front intensities during high NAO and low NAO months are then 
identified. An examination of the association between the NAO teleconnection pattern and 
cold front passage frequencies for all months of the study period reveals significant 
negative correlation coefficients in every grid cell (Table 4.7). The significant correlation 
coefficients for the individual months are also negative. Noteworthy findings for the 
individual months include December having significant correlations in six out of the seven 
grid cells, and grid cell seven having significant correlations in every month except 
February. The Spearman correlation results suggest that the southern United States 
experiences a higher (lower) frequency of cold front passages, when the Icelandic Low and 
Atlantic Subtropical High are weaker (stronger) than usual.
To determine if cold front passage frequencies are significantly different during the 
opposite phases of the NAO, median cold front passage frequencies during high NAO 
(NAO index >  1) months and low NAO (NAO index < -1) months are compared. During
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Table 4.7. Spearman Correlations between the NAO Index and Monthly Cold Front 
Frequencies in Each Grid Cell.
























































































































Note: bold probability values are significant at the 10% (*), 5% (**), or 1% (***) 
level.
months having a strong positive NAO index value (strong Icelandic Low and Atlantic 
Subtropical High), median cold front passage frequencies range from five passages over 
the western and central part of the region to three passages over the Florida peninsula 
(Figure 4.7). Months having a strong negative NAO index value (weak Icelandic Low and 
Atlantic Subtropical High), are characterized by five cold front passages over the eastern 
and southern grid cells and six cold front passages over the western grid cells (Figure 4.8). 
A comparison of the opposite phases of the NAO reveals an almost region-wide tendency 
for higher (lower) cold front passage frequencies during the low (high) NAO index phase 
(Figure 4.9). Using the Median test, differences in cold front passage frequencies between
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the two phases of the NAO are found to be statistically significant in grid cells one. two. 
and five (Table 4.2).
Figure 4.7. Median Cold Front Passage Frequencies in Each Grid Cell during High 
NAO Months.
Figure 4.8 Median Cold Front Passage Frequencies in Each Grid Cell during Low 
NAO Months.
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Figure 4.9. Difference in the Median Number of Cold Front Passages for the Opposite 
Phases o f the NAO Teleconnection Pattern (High NAO minus Low NAO).
With grid cell seven having significant Spearman correlation coefficients in every 
month except February (Table 4.7) and experiencing two more cold front passages during 
the weak zonal phase than during the strong zonal phase of the NAO (Figure 4.9). it is 
surprising that the Median test did not reveal a significant difference between the two 
phases of the NAO. Approximately 24% of the high NAO months and 35.5% of the low 
NAO months are above the combined median of five passages (Table 4.8). While there is 
a difference of slightly over 11% in the proportion o f high NAO and low NAO months 
above the combined median, this difference is not large enough to be found significant by 
the Median test. It appears that the primary reason for the difference in the median number 
of cold front passages over grid cell seven during the two phases of the NAO is the 
difference in the number of high NAO and low NAO months having very few cold front 
passages (Table 4.9). Over half of the high NAO months have three or fewer cold front 
passages, while all of the low NAO months have at least three passages. Grid cell seven
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is likely to experience fewer cold front passages during high NAO months, when the 
AUantic Subtropical High extends over the region more frequently, inhibiting cyclone 
development.
Table 4.8. Number of Months above the Combined Median and the Number of 
Months at or below the Combined Median for Grid Cell Seven. (High and Low NAO 
Months).
High NAO Low NAO
Number of Months Above the 7 11
Combined Median (24.14%) (35.48%)
Number of Months at or 22 20
Below the Combined Median (76.86%) (64.52%)
Table 4.9. Number of High NAO and Low NAO Months with 0 to 9 Cold Front 
Passages over Grid Cell Seven.
Number of 
Passages
0 1 2 3 4 5 6 7 8 9
Number o f High 
NAO Months
1 4 1 9 I 6 6 I 0 0
Number o f Low 
NAO Months
0 0 0 5 6 9 8 1 0 2
The tendency for the southern United States, especially grid cells one. two, and
five, to experience higher (lower) cold front passage frequencies during the low (high) 
index phase o f the NAO agrees with previous work (Rogers 1984) that has examined the 
difference in temperatures and upper-air circulation patterns associated with the opposite 
phases of the NAO. During the low (high) index phase of the NAO, the eastern and central 
United States is cooler (warmer) than normal, indicative of more (fewer) cold front 
passages. Much of the United States experiences above (below) normal 500 mb heights 
during high (low) NAO winters, with the largest height differences located over the eastern 
United States generally to the east of 90° W longitude (Rogers 1984). Therefore, the 
tendency for the southern United States to experience more (fewer) cold front passages and
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lower (higher) temperatures during low (high) NAO months is likely the result of lower 
(higher) 500 mb heights over the region and an accompanying southward (northward) shift 
in storm track locations.
An examination of the median cold front intensity values during the opposite 
phases of the NAO teleconnection pattern (Tables 4.3 and 4.10) reveals that cold fronts 
passing over grid cells one and six are significantly stronger during low NAO (weakened 
Icelandic Low and Atlantic Subtropical High) months than during high NAO (strong 
Icelandic Low and Atlantic Subtropical High) months. During low NAO months, there is 
a tendency for an enhanced upper-air ridge over northwestern North America and a 
tendency for upper-air troughing over the United States (Rogers 1984), which allow for 
the more frequent intrusion of cold air masses and stronger cold front passages over grid 
cells one and six.
Table 4.10. Cold Front Intensity Values (°C/100 km) during High NAO (Strong 











Cell 1 3.234 3.544 2 .336-4 .256 2.922 -  4.522
Cell 2 3.969 3.735 3 .121-5 .148 2.867-4.848
Cell 3 3.818 4.051 3 .112-4 .512 3.284 -  5.074
Cell 4 3.964 4.049 3.102-4 .857 3.099-5 .194
C ellS 4.411 4.374 3.526 -  5.326 3.491 -5.351
Cell 6 3.386 3.733 2.425 -  4.553 2.801 -5 .050
Cell 7 3.121 3.355 2 .292-4 .183 2.713-4.101
D. Summary of Teleconnection Results
This chapter has examined the relationship between the SO, PNA, and NAO 
atmospheric teleconnection patterns and cold front passage frequencies and intensities in 
the southern United States. For the SO teleconnection pattern, grid cells one through five
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tended to experience a higher (lower) frequency of cold front passages during La Nina (El 
Nino) months, while grid cell seven generally experienced more cold front passages during 
El Nino months. However, none of the differences in cold front passage frequencies were 
found to be statistically significant. Cold fronts entering the northern grid cells and south 
Texas were found to be significantly stronger during La Nina months. The differences in 
cold front passage frequencies and cold front intensities during the opposite phases of 
ENSO were attributed to the presence of an enhanced subtropical jet stream over Mexico 
and the Gulf of Mexico during El Nino winters and the presence of a more northerly located 
polar jet stream during La Nina winters.
An evaluation of the influence of the PNA teleconnection pattern on cold front 
activity in the southern United States revealed that cold front passage frequencies in grid 
cell seven were significantly higher (lower) during the meridional (zonal) phase of the 
PNA. There was also a tendency for cold front passage frequencies in grid cell one to be 
higher during reverse-PNA flow conditions, when an upper-air trough is located over the 
western United States. Cold fronts entering the northern grid cells were found to be 
significantly stronger during zonal flow conditions than during meridional flow. Although 
not statistically significant, cold fronts entering grid cell seven were generally stronger 
during meridional months. With the meridional phase of the PNA pattern having been 
previously linked with the more frequent intrusion of polar and arctic air masses into the 
southeastern United States, it was surprising to find that cold fronts entering grid cells 
three, four, and five were stronger during zonal flow conditions. During meridional flow, 
these grid cells may be located between the upper-air ridge over western North America 
and the downstream upper-air trough, which would result in weaker cyclones and cold 
fronts passing over these central and eastern grid cells. Another possible explanation for 
the weaker cold fronts in grid cells three, four, and five during meridional months is that
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the temperatures behind the cold fronts may not be much lower than the air mass ahead of 
the front, because of the tendency for cooler conditions over the southeast during 
meridional months.
An investigation of the influence o f the NAO pattern on southern United States cold 
front variability indicated a region-wide tendency for higher (lower) cold front passage 
frequencies during low (high) NAO months when the Icelandic Low and Atlantic 
Subtropical High were weaker (stronger) than normal. These differences in cold front 
passage frequencies were found to be statistically significant in grid cells one, two. and 
five. In terms o f intensity, cold fronts entering grid cells one and six were found to be 
significantly stronger during low NAO months than during high NAO months.
Of the three teleconnection patterns, the NAO appears to have the strongest 
influence on the variability of cold fronts passing over the southern United States. The 
NAO is strongly associated with cold front passage frequencies in grid cells one. two. and 
five. The PNA has a strong influence on cold front passage frequencies in grid cell seven. 
None of the grid cells had significant differences in cold front passage frequencies during 
the opposite phases of ENSO. The SO and PNA appear to exert a stronger influence on 
cold front intensities than the NAO. Cold front intensity values during the opposite phases 
of the SO and PNA were found to be significantly different in most areas o f the southern 
United States.
With the Icelandic Low and Atlantic Subtropical High located to the east of North 
America, it is surprising to find such a strong association between the NAO and cold front 
passage frequencies in Texas (grid cells one and two). Another surprising finding in this 
chapter is that cold fronts entering grid cells three, four, and five were found to be 
significantly weaker during meridional months. The importance of the NAO and the PNA 
pattern for cold front variability in the southern United States will be further evaluated in
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Chapter Five, which analyzes 500 mb composite maps to identify the important circulation 
features associated with extremes in cold front passage frequencies and intensities in the 
southern United States.
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CHAPTER V
ATMOSPHERIC CIRCULATION PATTERNS ASSOCIATED 
WITH EXTREMES IN COLD FRONT PASSAGE FREQUENCY
AND INTENSITY
Chapter four has demonstrated that certain atmospheric teleconnection patterns 
have an important influence on cold front variability in the southern United States. Grid 
cell seven experienced higher (lower) cold front passage frequencies during the meridional 
(zonal) phase of the PNA pattern, while grid cells one, two. and five experienced higher 
(lower) cold front passage frequencies during months when the Icelandic low and Atlantic 
subtropical high centers of the NAO were weaker (stronger) than normal. Significant 
differences in cold front intensities between El Nino and La Nina months and between 
meridional and zonal months were also identified in most grid cells. While atmospheric 
teleconnection patterns are useful for identifying circulation patterns associated with 
higher (lower) cold front passage frequencies and weaker (stronger) cold fronts in many 
of the grid cells, there are some problems with using these simple indexes of flow. First, 
a significant relationship between the atmospheric teleconnection patterns and cold front 
variability is not found for every southern United States grid cell, in particular grid cells 
three, four, and six. Second, the teleconnection pattern index values are a simple 
representation of the upper-air flow and do not provide detailed information on the 
positions of the ridges and troughs. During meridional months, for instance, a trough is 
present over the southeastern United States. However, the location of the southeastern 
trough may be shifted slightly from one meridional month to another. A final problem is 
that the teleconnection pattern analysis does not identify the circulation patterns associated 
with months having extremes in cold front passage frequencies or extremes in cold front 
intensities. Because these extreme cold front frequency and intensity months are likely to
71
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be associated with large variations in climate, (e.g. increase in the number of freezes during 
months having several strong cold front passages), it is important to identify the circulation 
patterns that would result in frequent (infrequent) cold front passages or a high (low) 
frequency of weak or strong cold fronts. Therefore. Chapter Five identifies and examines 
the upper-air circulation patterns associated with extremes in cold front passage 
frequencies and intensities in each southern United States grid cell.
A. Extreme Cold Front Passage Frequency Months
The upper-air circulation patterns associated with extremes in cold front passage 
frequencies in the southern United States are identified from an examination of the 500 mb 
height composite maps plotted for months having a high frequency of cold front passages 
and months having a low frequency of cold front passages in each grid cell. The 
standardized 500 mb height anomaly composite maps for the high and low frequency 
months and the 500 mb composite difference map are examined to identify the locations 
of large height anomalies (e.g. ridges or troughs) associated with the frequent (infrequent) 
passage of cold fronts in each grid cell.
I . Grid Cell One
Western Texas experiences a high monthly frequency of cold front passages when 
the upper air circulation is characterized by above normal heights over the Aleutian Low 
region, below normal heights centered over the Great Plains, and above-normal heights 
over Mexico and the southern portions of the Gulf states (Figure 5.1a). Low cold front 
passage frequencies in western Texas are associated with an upper-air pattern having 
below normal heights extending southward from the Aleutians, above normal heights over 
western Canada and the western United States, and below normal heights extending from 
Mexico over the Gulf states and up along the east coast (Figure 5.1b). Centers of large 
height anomalies over the Pacific extending southward from the Aleutians and over
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western Canada and the western United States are important for both high and low cold 
front passage frequency months in grid cell one (Figures 5.1 and 5.2). with ridging 
(troughing) over the northern Pacific and troughing (ridging) over the western United 
States associated with high (low) cold front passage frequencies over western Texas. The 
circulation patterns associated with extreme cold front passage frequency months in west 
Texas are somewhat similar to the opposite phases of the PNA pattern, which agrees with 
the significant negative correlation found between the PNA index and cold front passage 
frequencies in grid cell one (Table 4.3). However, with the absence of the southeastern 
United States center of the PNA pattern, cold front passage frequencies during the opposite 
phases of the PNA pattern are not significantly different for grid cell one (Table 4.2). What 
is occurring upstream over the Aleutian Low region is more important for cold front 
variability in grid cell one than what is occurring downstream over the eastern United 
States. If a strong trough (ridge) develops over the Aleutian Low region, a strong ridge 
(trough) is likely to develop downstream over the western United States, based on the 
constant absolute vorticity trajectory (CAVT) theory (Harman 1991). This pattern directs 
few (many) cold fronts into western Texas.
2. Grid Cell Two
Like grid cell one, high and low cold front passage frequency months in eastern 
Texas are associated with height anomaly centers over the northeast Pacific and the western 
United States, and a third, less-important height anomaly center over Mexico and the Gulf 
states (Figures 5.3 and 5.4). Months having a high (low) frequency of cold front passages 
in eastern Texas are associated with ridging (troughing) over the northeastern Pacific and 
troughing (ridging) over western North America. The circulation patterns associated with








Figure 5.1. Standardized 500 mb Height Anomaly Composite Maps for Grid Cell 
One. a) High Cold Front Passage Frequency Months, b) Low Cold Front Passage 
Frequency Months. (Contour Interval 0.2).
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Figure 5.2. Grid Cell One -  500 mb Height Differences between High and Low Cold 
Front Passage Frequency Months (Contour Interval 30 Meters).
high cold front passage frequency months in grid cell two and grid cell one also show 
evidence of a weakened Icelandic Low and Atlantic Subtropical High (Figures 5.1a and 
5.3a). which agrees with Chapter Four’s Findings of a negative association between cold 
front passage frequencies and the NAO index (Tables 4.2 and 4.4). As mentioned in 
Chapter Four, the 500 mb heights over much of the United States tend to be below normal 
during low NAO index (weakened Icelandic Low and Atlantic Subtropical High) winters 
(Rogers 1984), resulting in a southward shift in storm track locations and a higher 
frequency of cold front passages over the southern United States. There does not appear 
to be a connection between the NAO and low cold front passage frequency months in grid 
cells one and two. The large positive height anomaly over the western United States is 
separate from the Atlantic Subtropical High height anomaly center (Figures 5. lb and 5.3b).
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Figure 5.3. Standardized 500 mb Height Anomaly Composite Maps for Grid Cell 
Two. a) High Cold Front Passage Frequency Months, b) Low Cold Front Passage 
Frequency Months. (Contour Interval 0.2).
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Figure 5.4. Grid Cell Two -  500 mb Height Differences between High and Low Cold 
Front Passage Frequency Months (Contour Interval 30 Meters).
3. Grid Cell Three
Louisiana, southern Arkansas, and western Mississippi experience frequent cold 
front passages during months when the upper-air circulation is characterized by negative 
height anomaly centers over the Gulf of Alaska and the eastern United States and a positive 
height anomaly center that extends from the Pacific over the southwestern United States 
(Figure 5.5a). Very few cold fronts tend to pass over grid cell three during months in which 
a large positive 500 mb height anomaly center is located over the Great Plains and a 
negative 500 mb height anomaly center is located over the Pacific to the west of California 
(Figure 5.5b). An examination of Figure 5.5 reveals that the height anomaly centers 
associated with the high and low cold front passage frequency months do not share 
common locations. An upper-air trough over the eastern United States, which guides 
cyclones and their accompanying cold fronts through the region, is likely the most










Figure 5.5. Standardized 500 mb Height Anomaly Composite Maps for Grid Cell 
Three, a) High Cold Front Passage Frequency Months, b) Low Cold Front Passage 
Frequency Months. (Contour Interval 0.2).
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important circulation feature for the high cold front passage frequency months in grid cell 
three. The most important feature associated with low cold front passage frequency 
months is the upper-level ridge over the western and central United States, which does not 
provide the upper-level support needed for the frequent development and movement of 
cyclones over the region. The circulation pattern associated with high passage frequency 
months in grid cell three is very different from grid cells one and two. with the upper-air 
trough located over the eastern United States for grid cell three. Moving eastward in the 
southern United States, the upper—air trough and upstream ridge associated with frequent 
passages also tend to be located farther eastward. The circulation pattern associated with 
low passage frequencies is similar to grid cells one and two. However the trough over the 
Pacific and the ridge over western North America are displaced farther eastward for grid 
cell three.
4. Grid Cell Four
Similar to grid cell three, high frequency months over grid cell four (Alabama and 
eastern Mississippi) are characterized by below normal heights centered over the Gulf of 
Alaska, above normal heights extending from the Pacific over the southwestern United 
States and northwestern Mexico, and below normal heights over the eastern United States 
(Figure 5.6a). The circulation pattern associated with months having very few cold front 
passages over Alabama and eastern Mississippi is characterized by below-normal heights 
over most of North America, with the exception of the eastern United States, where there 
is a tendency for ridging (Figure 5.6b). The 500 mb difference map for grid cell four 
reveals the importance of the height anomaly center over the eastern United States, with 
troughing (ridging) supporting (inhibiting) frequent cold front passages (Figure 5.7).





Figure 5.6. Standardized 500 mb Height Anomaly Composite Maps for Grid Cell 
Four, a) High Cold Front Passage Frequency Months, b) Low Cold Front Passage 
Frequency Months. (Contour Interval 0.2).




Figure 5.7. Grid Cell Four -  500 mb Height Differences between High and Low Cold 
Front Passage Frequency Months (Contour Interval 30 Meters).
5. Grid Cell Five
Georgia and South Carolina experience frequent cold front passages when the 
upper air circulation is characterized by below normal heights over the eastern United 
States, similar to grid cells three and four, and above normal heights centered between 
Baffin Island and Greenland (Figure 5.8a). Low cold front passage frequency months are 
associated with an area of below normal 500 mb heights centered over Iceland and a region 
of above normal 500 mb heights extending from the North Atlantic over the eastern half 
of the United States (Figure 5.8b). A comparison of the high and low cold front passage 
frequency months in grid cell five suggests that the NAO is an important circulation 
feature, with a height anomaly center located over the Greenland-Iceland region and a 
broad height anomaly center extending from the north Atlantic over the eastern United 
States (Figures 5.8 and 5.9). The Icelandic Low and Atlantic Subtropical High tend to be
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Figure 5.8. Standardized 500 mb Height Anomaly Composite Maps for Grid Cell 
Five, a) High Cold Front Passage Frequency Months, b) Low Cold Front Passage 
Frequency Months. (Contour Interval 0.2).






Figure 5.9. Grid Cell Five -  500 mb Height Differences between High and Low Cold 
Front Passage Frequency Months (Contour Interval 30 Meters).
weaker (stronger) than normal during high (low) cold front passage frequency months.
The influence of the NAO on cold front variability in grid cell five is especially apparent
during low passage frequency months. During these months the Atlantic Subtropical High
extends over the eastern United States, inhibiting cyclone development in the southern
United States (Figure 5.8b). Further indication of the important association between the
NAO and extreme cold front passage frequency months is the negative association.
identified in Chapter Four, between the NAO index and cold front passage frequencies in
grid cell five (Tables 4.2 and 4.4).
6. Grid Cell Six
High cold front passage frequency months over southern Texas (grid cell six) are 
associated with an area of above-normal 500 mb heights over the Pacific near the west 
coast of the United States and an area of below-normal heights covering much of the 
United States and Canada, but centered over the central United States (Figure 5.10a).
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South Texas tends to experience very few cold front passages during months when an area 
of below-normal heights is located off the west coast of the United States and an area of 
above normal heights is centered over the south-central United States (Figure 5 .10b). A 
comparison of the high and low frequency months indicates the importance o f the central 
United States height anomaly center, and to a lesser extent the height anomaly center 
located over the Pacific off the United States west coast (Figures 5.10 and 5.11). There also 
appears to be a linkage between the NAO and extreme cold front passage frequency months 
in southern Texas, with high (low) passage frequency months associated with a weakened 
Icelandic Low and Atlantic Subtropical High. However, the Median test results (Table 4.2) 
do not indicate a significant difference in cold front passage frequencies in grid cell six 
during the opposite phases of the NAO. The circulation pattern associated with extreme 
cold front passage frequencies in grid cell six is fairly similar to grid cells one and two. 
With grid cell six located to the south of grid cells one and two. the Pacific and western 
United States height anomaly centers are located farther south for grid cell six.
7. Grid Cell Seven
Florida experiences frequent cold front passages during months when the upper-air 
circulation is characterized by below-normal heights over the Aleutians and the 
southeastern United States and above-normal heights over western Canada (Figure 5.12a). 
Low cold front passage frequency months in Florida are associated with strong positive 
height anomalies over the northeastern Pacific and the southeastern United States, and 
negative height anomalies over the western United States and much o f Canada (Figure 
5.12b). A comparison of the circulation patterns associated with the high and low cold 
front passage frequency months indicates a strong association between the PNA pattern and








Figure 5.10. Standardized 500 mb Height Anomaly Composite Maps for Grid Cell 
Six. a) High Cold Front Passage Frequency Months, b) Low Cold Front Passage 
Frequency Months. (Contour Interval 0.2).
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extreme cold front passage frequency months over Florida (Figures 5.12 and 5.13). The 
Median test results (Table 4.2) and the Spearman correlations between the PNA index and 
cold front passage frequencies (Table 4.3) provide additional evidence that Florida 
experiences frequent cold front passages during meridional flow months and very few 
passages during zonal flow months.
8. Stability of Height Anomaly Centers
One potential problem with compositing is that composite maps can be an average 
of very different circulation patterns (Yamal 1993). To determine the stability of the 
important height anomaly centers associated with extreme cold front passage frequency 
months, composite maps of the 500 mb height standard deviation values were plotted for 
the high and low cold front passage frequency months in the southern United States grid 
cells. For most of the extreme cold front passage frequency month composites, the 500 mb 
height standard deviation values are highest in the Aleutian Low region and in the vicinity 
of Greenland and Iceland and lowest in the southern latitudes (Figure 5.14). Because of 
their high standard deviation values, the height anomaly centers located over the Aleutian 
Low region and in the vicinity of Greenland and Iceland during extreme cold front passage 
frequency months are not present as consistently as the other height anomaly centers. 
Therefore, the height anomaly centers located over areas of low standard deviation values 
may be the most important circulation features associated with the extreme cold front 
frequency months in the southern United States. For example, the position and strength 
of the western North American ridge (trough) may be the most important upper-air 
circulation feature associated with high and low cold front passage frequency months in 
Texas. These standard deviation results also apply to the months having a high frequency 
of weak or strong cold front passages.




Figure 5.11. Grid Ceil Six — 500 mb Height Differences between High and Low Cold 
Front Passage Frequency Months (Contour Interval 30 Meters).






Figure 5.12. Standardized 500 mb Height Anomaly Composite Maps for Grid Cell 
Seven, a) High Cold Front Passage Frequency Months, b) Low Cold Front Passage 
Frequency Months. (Contour Interval 0.2).





Figure 5.13. Grid Cell Seven -  500 mb Height Differences between High and Low 
Cold Front Passage Frequency Months (Contour Interval 30 Meters).
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Figure 5.14. Average 500 mb Height Standard Deviation Values for High Cold Front 
Passage Frequency Months in Grid Cell Five (Contour Interval 25 Meters).
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9. Summary of Circulation during Extreme Cold Front Frequency Months
Four upper-air circulation patterns are associated with extreme cold front passage 
frequency months in the southern United States. Grid cells one. two. and six experience 
frequent (very few) cold front passages during months when the upper-air circulation is 
characterized by a tendency for ridging (troughing) over the eastern North Pacific and 
troughing (ridging) over the western portion of the United States and Canada. The NAO 
appears to have an important association with high cold front passage frequency months 
in grid cells one. two. and six. when both the Icelandic Low and North Atlantic Subtropical 
High are weaker than normal. Extreme cold front passage frequency months in grid cells 
three and four are associated with similar atmospheric circulation patterns. Cold fronts 
frequently pass over grid cells three and four when the upper air circulation is characterized 
by troughing over northwest North America, ridging over the southwestern United States 
and over central Canada, and troughing over the eastern United States. The high cold front 
passage frequencies are likely related to the tendency for troughing over the eastern United 
States, which provides support for cyclone development and movement. The most 
important circulation feature during low cold front passage frequency months in grid cells 
three and four is the tendency for ridging to the north of these grid cells, which inhibits the 
development of cyclones and accompanying cold fronts over the region. The NAO has a 
major influence on the frequency of cold front passages over grid cell five. During high 
(low) cold font passage frequency months in grid cell five, the Icelandic Low and North 
Atlantic Subtropical High are weaker (stronger) than usual. The Atlantic Subtropical High 
is especially important during low frequency months in grid cell five, extending over the 
eastern half of the United States. The height anomaly maps associated with extreme cold 
front passage frequency months over Florida (grid cell seven) reveal the importance of the 
PNA pattern, with large height anomaly centers over the Aleutian Low region.
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northwestern North America, and the southeastern United States. Florida experiences a 
high frequency of cold front passages during the meridional phase and a low frequency of 
passages during the zonal phase of the PNA pattern.
B. Circulation Patterns Associated with Months Having a High Frequency of Weak 
or Strong Cold Fronts
Even though two months may have the same cold front passage frequency for a grid 
cell, the intensity of cold fronts passing over that portion of the southern United States can 
be very different during these two months. One month may have a high frequency of strong 
cold front passages, while the second month has a high frequency of weak cold fronts. The 
impacts associated with these two months may be different, with months having a high 
frequency of strong cold front passages likely to be associated with much lower 
temperatures and more freezes than months having a high frequency of weak cold fronts. 
The circulation patterns associated with months having a high frequency of weak cold front 
passages and months having a high frequency of strong cold front passages are also likely 
to be different. Months having a high frequency of strong cold front passages may be 
associated with a meridional upper-air flow pattern, which would allow for the more 
frequent intrusion of cold, continental air masses into the region (Harman 1991). Months 
having a high frequency of weak cold fronts may occur during strong zonal flow 
conditions, which could result in fewer intrusions of cold, continental air masses, and a 
higher frequency of Pacific air masses (Harman 1991). Because of the potential differences 
in cold front intensities between months having similar cold front passage frequencies, the 
circulation patterns associated with months having a high frequency of weak passages and 
months having a high frequency of strong cold front passages are identified and examined. 
Months having a low frequency of weak or strong cold front passages are not included in 
this analysis, because the number of months with no weak cold fronts or no strong cold
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fronts in each grid cell is much greater than 20% (Appendix F). The standardized 500 mb 
height anomaly maps for months having a high frequency of weak cold fronts and for 
months having a high frequency of strong cold fronts are examined to identify the locations 
of upper-air ridges and troughs associated with the frequent passage of weak and strong 
cold fronts in each grid cell.
1. Grid Cell One
Weak cold fronts frequently pass over western Texas during months when the 500 
mb circulation is characterized by below normal heights extending from the Pacific into 
western North America and above normal heights over eastern Canada and the northeastern 
quarter of the United States (Figure 5 .15a). The high frequency of weak cold fronts is likely 
related to the position of the upper-air trough along the west coast. Cold fronts associated 
with this trough are likely to be followed by Pacific air masses instead of the colder 
continental air masses. Strong cold fronts frequently pass over western Texas when the 
upper air pattern is characterized by positive height anomalies over much of Canada and 
negative height anomalies centered over the central United States (Figure 5.15b). The 
northerly flow between the ridge over western Canada and the trough over the central 
United States allows for the more frequent intrusion of cold arctic air masses into west 
Texas (Harman 1991). resulting in a higher frequency of strong cold front passages.
2. Grid Cell Two
East Texas experiences frequent weak cold front passages during months when the 
upper air circulation is characterized by below normal heights over the Gulf of Alaska, 
above normal heights extending from the Pacific over the western United States and into 
eastern Canada, and below normal heights extending from the Caribbean Sea into the 
southern United States (Figure 5.16a). This composite map may be indicative of a split
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upper-air flow pattern, with one storm track affecting Alaska and northwestern Canada, 
and the second storm track affecting Mexico. Central America, and the southern United 
States. Eastern Texas is likely experiencing many weak cold front passages, because of the 
more frequent intrusion of Pacific air masses into the region. Strong cold fronts frequently 
pass over eastern Texas during months when the upper-air circulation is characterized by 
above-normal heights extending southward from the Aleutian Low region and a negative 
height anomaly centered over the western United States and Canada (Figure 5.16b). 
Similar to grid cell one. the combination of a strong upper-air ridge to the west and the 
upper-air trough centered to the north is likely bringing more cold air masses over eastern 
Texas, resulting in a higher frequency of strong cold front passages.
3. Grid Cell Three
Weak cold fronts frequently pass over grid cell three during months when the upper 
air circulation is characterized by below normal heights over the Aleutians, above normal 
heights over much of North America, and below normal heights over the North Atlantic 
basin extending into the southern portions of the study area (Figure 5 .17a). Similar to grid 
cell two. the frequent passage of weak cold fronts over grid cell three may be associated 
with the southern storm track. However, the southern storm track for grid cell three is 
displaced farther to the east. While above-normal heights are located over the western 
United States, the absence of a trough over the eastern United States also limits the number 
of cold air masses reaching grid cell three. The circulation pattern associated with the 
frequent passage of strong cold fronts over grid cell three is complicated and contains 
several height anomaly centers (Figure 5 .17b). However, there is a tendency for ridging 
over northwestern North America and troughing over the western and central United
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Figure 5.15. Standardized 500 mb Height Anomaly Composite Maps for Grid Cell 
One. Months Having a High Frequency of a) Weak Cold Front Passages and b) 
Strong Cold Front Passages. (Contour Interval 0.2).
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Figure 5.16. Standardized 500 mb Height Anomaly Composite Maps for Grid Cell 
Two. Months Having a High Frequency of a) Weak Cold Front Passages and b) 
Strong Cold Front Passages. (Contour Interval 0.2).
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Figure 5.17. Standardized 500 mb Height Anomaly Composite Maps for Grid Cell 
Three. Months Having a High Frequency of a) Weak Cold Front Passages and b) 
Strong Cold Front Passages. (Contour Interval 0.2).
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4. Grid Cell Four
Similar to grid cells two and three, grid cell four experiences frequent weak cold 
front passages, during months when the upper-air circulation is characterized by below 
normal heights centered over Alaska and northwestern North America, above normal 
heights over the western United States and much of Canada, and below normal heights 
extending from Mexico into the eastern United States (Figure 5.18a). Strong cold fronts 
frequently pass over grid cell four when the upper-air circulation is characterized by 
positive height anomalies centered over Alaska and Mexico and a broad area of negative 
height anomalies centered over south-central Canada and the north-central United States 
(Figure 5.18b). Similar to grid cells one through three, ridging to the northwest and 
troughing over the central portions of North America provide the upper-air support needed 
for the frequent intrusion of cold air masses into grid cell four.
5. Grid Cell Five
Like many of the other northern grid cells. Georgia and South Carolina experience 
frequent weak cold front passages when the upper-air circulation is characterized by below 
normal heights over the Gulf of Alaska extending over western Canada, above normal 
heights extending from the southwestern United States into north-central and northeastern 
North America, and below normal heights over the southern United States (Figure 5 .19a). 
Strong cold fronts frequently pass over grid cell five during months when the upper-air 
circulation is characterized by above normal heights over Alaska and extreme western 
Canada and below normal heights over much of Canada and the United States, with a strong 
negative height anomalies centered over the northern Great Plains (Figure 5 .19b). As in 
grid cells one through four, the frequent passage of strong cold fronts over Georgia and
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South Carolina is associated with the northerly flow between the strong ridge over 
northwestern North America and a strong trough over central portions of North America.
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Figure 5.18. Standardized 500 mb Height Anomaly Composite Maps for Grid Cell 
Four. Months Having a High Frequency of a) Weak Cold Front Passages and b) 
Strong Cold Front Passages. (Contour Interval 0.2).







Figure 5.19. Standardized 500 mb Height Anomaly Composite Maps for Grid Cell 
Five. Months Having a High Frequency of a) Weak Cold Front Passages and b) 
Strong Cold Front Passages. (Contour Interval 0.2).
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6. Grid Cell Six
Weak cold fronts frequently pass over southern Texas during months when the 
upper-air circulation is characterized by below-normal heights extending from the 
Aleutian Islands into northwest North America, above-normal heights over the eastern 
United States, and below-normal heights over the southwestern United States (Figure 
5.20a). The higher frequency of weak cold front passages is likely related to the trough 
over the southwestern United States and Mexico. The cold fronts forming in association 
with the southwest trough and passing through grid cell six are likely followed by Pacific 
air masses. Strong cold fronts frequently pass over south Texas during months when the 
upper-air pattern is characterized by negative height anomalies over the Aleutians and the 
Gulf of Alaska, positive height anomalies over western North America, and negative height 
anomalies over eastern Canada and the eastern two-thirds of the United States (Figure 
5.20b). This pattern is similar to the meridional phase of the PNA pattern, with the 
northerly flow between the western ridge and eastern trough resulting in the more frequent 
intrusion of cold air masses into southern Texas.
7. Grid Cell Seven
Florida experiences a high frequency of weak cold front passages during months 
when below-normal heights are present over much of the United States and northwestern 
North America, including an upper-air trough located over the eastern United States and 
the North Atlantic (Figure 5.21a). The tendency for troughing over the eastern United 
States provides support for cyclones and cold front passages over the region. However, the 
cold front passages tend to be weak, because the absence of a strong ridge (below normal 
heights) over western North America does not allow for the frequent intrusion of cold air 
masses over the southeastern United States. The NAO also appears to be related to the
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frequent passage of weak cold fronts over Florida, with the Icelandic Low and Atlantic 
Subtropical High much weaker during these months (Figure 5.21a). The circulation 
pattern associated with the frequent passage of strong cold fronts over Florida is similar 
to the meridional phase of the PNA pattern, with below normal heights centered over the 
Aleutian Islands and over the southeastern United States and above normal heights over 
the western United States and western Canada (Figure 5.21b). The presence of this 
meridional flow pattern during high cold front passage frequency months in Florida agrees 
with Chapter Four's Spearman correlation and Median test results (Tables 4.2 and 4.3). and 
is not surprising since the meridional phase of the PNA pattern has been previously linked 
to cold air outbreaks over Florida (Rogers and Rohli 1991).
8. Summary of Monthly Circulation and Frontal Intensity
Four types of circulation patterns are associated with a high monthly frequency of 
weak cold front passages over the southern United States. Weak cold fronts frequently pass 
over western Texas (grid cell one) during months when a large upper-air trough is centered 
just off the coast of the northwestern United States. The position of this upper-air trough 
allows for the more frequent intrusion of Pacific air masses into western Texas, following 
the cold front passage. Grid cells two through five experience frequent weak cold front 
passages during months when the upper-air pattern is characterized by a tendency for 
troughing over northwestern North America, an area of above-normal heights extending 
from the southwestern United States into eastern Canada, and an area of below-normal 
heights extending from the Gulf of Mexico and from the Atlantic into the southern United 
States. The high frequency of weak cold front passages over grid cells two through five 
may be the result of a southern storm track bringing Pacific storms to the region. Another 
possible contributor to frequent passage of weak cold fronts over these grid cells is the weak 
trough located over the southern United States. With a weak trough over the south, the
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Figure 5.20. Standardized 500 mb Height Anomaly Composite Maps for Grid Ceil 
Six. Months Having a High Frequency of a) Weak Cold Front Passages and b) Strong 
Cold Front Passages (Contour Interval 0.2).
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Figure 5.21. Standardized 500 mb Height Anomaly Composite Maps for Grid Cell 
Seven. Months Having a High Frequency of a) Weak Cold Front Passages and b) 
Strong Cold Front Passages. (Contour Interval 0.2).
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upper air flow into the southern United States is more zonal, resulting in very few intrusions 
of cold, continental air masses into the region. South Texas experiences frequent weak cold 
front passages during months when the upper-air circulation is characterized by 
below-normal heights extending from the Aleutian Islands into northwestern North 
America, above-normal heights over the eastern United States, and below-normal heights 
over the southwestern United States. The higher frequency of weak cold front passages 
in grid cell six likely results from cyclones which form in association with the southwestern 
United States trough. These cyclones bring Pacific air masses into southern Texas, instead 
of polar or arctic air masses. Lastly, the upper-air pattern associated with the frequent 
passage of weak cold fronts over grid cell seven is characterized by negative height 
anomalies over the United States and western Canada, with a tendency for troughing over 
the eastern United States. The eastern trough provides support for the formation and 
eastward movement of cyclones and cold fronts. However the cold fronts tend to be weak, 
because the absence of a strong ridge over western North America results in very few cold 
air intrusions into the southeastern United States.
The frequent passage of strong cold fronts over the southern United States is 
generally associated with ridging over northwestern North America and downstream 
troughing. The upper-air trough is generally located over the western and central portions 
of North America for grid cells one through five, over the eastern two-thirds of the United 
States for grid cell six. The frequent passage of strong cold fronts over grid cell seven is 
associated with an upper-air trough over the Aleutian Low region, an upper-air ridge over 
western North America, and a trough over the eastern United States, basically the 
meridional phase of the PNA pattern.
The presence of an upper-air trough over or near the southern United States is 
common to all months having a high frequency of cold front passages, regardless of the
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intensity category. The circulation feature that distinguishes months having a high 
frequency of strong cold front passages from other months is the upper-air ridge over 
northwestern North America. The strong northerly component between the northwestern 
ridge and downstream trough allows for the frequent deployment of cold, continental air 
masses into the region (Harman 1991), which results in a higher frequency of strong cold 
front passages in the southern United States.
C. Daily Circulation Patterns Associated with Weak and Strong Cold Front Passages
The monthly 500 mb height composite maps are useful for identifying the 
long-wave patterns associated with months having a high frequency of weak or strong cold 
front passages. However, one potential problem with these monthly composite maps is that 
ail of the frontal passages during these months are not in the same intensity category. For 
instance, a month having a high frequency of weak cold front passages will also usually 
include some moderate or strong intensity cold fronts. As a means of evaluating how well 
the high frequency month composite maps agree with the circulation patterns associated 
with individual weak or strong cold front passages, daily 500 mb height composite maps 
were also plotted and examined for the ten weakest and ten strongest cold front passages 
in each grid cell. An advantage of using daily composite maps is that the circulation 
features directly associated with weak cold front passages or strong cold front passages can 
be examined. One potential problem with the daily composite maps is that the upper-air 
maps on the daily time scale are often dominated by migratory shortwaves which obscure 
the longwave pattern. At the very least the daily composite maps will give an indication 
of the locations of the shortwave features associated with weak and strong cold front 
passages in the southern United States.
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Daily 500 mb height composite maps were plotted for the day before the cold front 
entered the grid cell (day -1). the day when the cold front was present over the grid cell 
(day 0). and the next day (day +1) when the cold front had left the grid cell. However, the 
day -1 . day 0. and day +1 composite maps were found to have similar circulation patterns 
for each grid cell. Therefore, the analysis of the daily circulation patterns focuses on the 
day when each cold front was present over the grid cell (day 0).
The daily upper-air patterns associated with weak cold front passages in western 
and eastern Texas (grid cells one and two), are characterized by a trough to the south of the 
Aleutians, a ridge over the western United States and Canada, and a broad trough extending 
from the southwestern United States over the eastern half of the country (Figures 5.22a and 
5.23a). Strong cold front passages in grid cells one and two are associated with a strong 
ridge extending into northwestern North America and a deep trough over the southwestern 
United States (Figures 5.22b and 5.23b). A comparison of the daily composite maps for 
the weak and strong cold front passages in grid cells one and two (Figures 5.24 and 5.25) 
indicates that the upper-air pattern associated with strong cold front passages is more 
amplified, with a stronger ridge over northwestern North America and a stronger trough 
over the southwestern United States. In grid cells three, four, and five, weak cold front 
passages occur under meridional flow conditions, with a trough over the Aleutians, a ridge 
over western North America, and a trough over the eastern United States (Figures 5.26a, 
5.27a, and 5.28a), while strong cold fronts passages are associated with a strong ridge over 
northwestern North America and a trough over the central or eastern United States (Figures 
5.26b, 5.27b, 5.28b). Compared to the weak cold front passage composite maps, the 
upper-air patterns associated with strong cold front passages in these central and eastern 
grid cells are characterized by a stronger ridge over northwestern North America and a 
stronger trough generally extending over the central United States (Figures 5.29 -  5.31).





Figure 5.22. Average Daily 500 mb Height Composite Maps for Grid Cell One. a) Ten 
Weakest and b) Ten Strongest Cold Front Passages (Contour Interval 75 Meters). For 
each cold front, the height values are downloaded for the day when the front was 
present over the grid cell.





Figure 5.23. Average Daily 500 mb Height Composite Maps for Grid Cell Two. a) Ten 
Weakest and b) Ten Strongest Cold Front Passages (Contour Interval 75 Meters). For 
each cold front, the height values are downloaded for the day when the front was 
present over the grid cell.
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Figure 5.24. Grid Cell One -  500 mb Height Differences between the Ten Strongest 
and Ten Weakest Cold Front Passages (Contour Interval 30 Meters).
Figure 5.25. Grid Cell Two -  500 mb Height Differences between the Ten Strongest 
and Ten Weakest Cold Front Passages (Contour Interval 30 Meters).
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Figure 5.26. Average Daily 500 mb Height Composite Maps for Grid Cell Three, a) 
Ten Weakest and b) Ten Strongest Cold Front Passages (Contour Interval 75 Meters). 
For each cold front, the height values are downloaded for the day when the front was 
present over the grid cell.




Figure 5.27. Average Daily 500 mb Height Composite Maps for Grid Cell Four, a) Ten 
Weakest and b) Ten Strongest Cold Front Passages (Contour Interval 75 Meters). For 
each cold front, the height values are downloaded for the day when the front was 
present over the grid cell.
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Figure 5.28. Average Daily 500 mb Height Composite Maps for Grid Cell Five, a) Ten 
Weakest and b) Ten Strongest Cold Front Passages (Contour Interval 75 Meters). For 
each cold front, the height values are downloaded for the day when the front was 
present over the grid cell.
R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
113
*5 9- • 0
f
'- 2 2 2
'  /  / /  / /
* V ' V, 
^  S ' / / J
<?
Figure 5.29. Grid Cell Three -  500 mb Height Differences between the Ten Strongest 
and Ten Weakest Cold Front Passages (Contour Interval 30 Meters).
Figure 5.30. Grid Cell Four -  500 mb Height Differences between the Ten Strongest 
and Ten Weakest Cold Front Passages (Contour Interval 30 Meters).
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Figure 5.31. Grid Cell Five -  500 mb Height Differences between the Ten Strongest 
and Ten Weakest Cold Front Passages (Contour Interval 30 Meters).
In southern Texas (grid cell six), weak and strong cold front passages are both associated 
with troughing over the southwestern United States (Figure 5.32). However, the 
circulation pattern associated with strong cold front passages in grid cell six is more 
amplified, with a stronger ridge over Alaska and northwestern Canada and a deeper trough 
over the southwestern United States (Figure 5.33). In Florida (grid cell seven), weak and 
strong cold front passages are both associated with the presence of an upper-air trough over 
the southeastern United States (Figure 5.34). Compared to the weak cold front passage 
composite map, the circulation pattern associated with strong cold front passages in Florida 
is characterized by much stronger ridging along the west coast of North America and 
stronger troughing over much of North America (Figure 5.35).








Figure 5.32. Average Daily 500 mb Height Composite Maps for Grid Cell Six. a) Ten 
Weakest and b) Ten Strongest Cold Front Passages (Contour Interval 75 meters). For 
each cold front, the height values are downloaded for the day when the front was 
present over the grid cell.
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Figure 5.33. Grid Cell Six -  500 mb Height Differences between the Ten Strongest 
and Ten Weakest Cold Front Passages (Contour Interval 30 Meters).
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Figure 5.34. Average Daily 500 mb Height Composite Maps for Grid Cell Seven, a) 
Ten Weakest and b) Ten Strongest Cold Front Passages (Contour Interval 75 meters). 
For each cold front, the height values are downloaded for the day when the front was 
present over the grid cell.




Figure 5.35. Grid Cell Seven -  500 mb Height Differences between the Ten Strongest 
and Ten Weakest Cold Front Passages (Contour Interval 30 Meters).
The daily and monthly upper-air patterns associated with weak cold passages in the 
southern United States can be compared to identify similar circulation features. In grid cell 
one. the circulation pattern associated with months having a high frequency of weak cold 
front passages is characterized by a tendency for upper-air troughing along the United 
States west coast (Figure 5 .15a), while the composite map for the ten weakest cold front 
passages (Figure 5.22a) has a shortwave trough over the northeastern North Pacific, a weak 
shortwave ridge over the west coast, and a shortwave trough embedded in the broad trough 
over the eastern United States. Based on the monthly and daily composite maps, it appears 
that grid cell one experiences frequent weak cold front passages during months when 
several short-wave troughs and their associated surface cyclones move from the Pacific 
over the west coast and into the southern United States. The cold fronts tend to be weak
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because of the more zonal flow between the weak ridge over the west coast and the trough 
over the eastern United States.
In grid cells two through five, the upper-air patterns associated with months having 
a high frequency of weak cold front passages (Figures 5.16b -  5.19b) and the daily 
composite maps for the ten weakest cold front passages (Figures 5.23a. and 5.26a- 5.28a) 
are fairly similar. Both the daily and monthly 500 mb composite maps are characterized 
by a tendency for troughing over portions of northwestern North America, ridging over the 
western United States, and troughing over portions of the eastern United States. The main 
difference between the daily and monthly composites for grid cells two through five is that 
the upper-air trough over the eastern United States tends to be stronger on the daily 
composite map.
In southern Texas (grid cell six), the upper-air pattern associated with months 
having a high frequency of weak cold fronts (Figure 5.20) and the daily upper-air 
composite for the ten weakest cold front passages (Figure 5.32a) are both characterized by 
a trough over the southwestern United States. In grid cell seven, the daily and monthly 
upper-air maps both indicate that an upper-air trough over the eastern United States and 
below-normal heights over northwestern North America are associated with weak cold 
front passages over Florida (Figures 5.21a and 5.34a).
Both the daily and monthly upper-air patterns associated with strong cold front 
passages in the southern United States are characterized by the tendency for ridging over 
northwestern North America and downstream troughing, with the upper-air trough 
generally located in the vicinity of the grid cell experiencing the strong cold front passage. 
As mentioned earlier in this chapter, the frequent passage of strong cold fronts over the 
southern United States results from the strong northerly flow between the northwestern 
ridge and the downstream trough, which allows for the frequent deployment of polar and
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arctic air masses into the region (Harman 1991). This daily shortwave pattern is much more 
likely to occur in months characterized by a strong longwave ridge over the western United 
States.
D. Summary
This chapter has examined the relationship between atmospheric circulation and 
cold front variability in the southern United States by identifying, for each grid cell, the 
500 mb circulation patterns associated with months having: a high frequency of cold front 
passages, a low frequency of cold front passages, a high frequency of weak cold front 
passages, and a high frequency of strong cold front passages. As an aid in interpreting the 
circulation patterns associated with the frequent passage of weak cold fronts and strong 
cold fronts over the southern United States, daily 500 mb composite maps were also 
examined for the ten strongest and ten weakest cold front passages in each grid cell.
Four upper-air circulation patterns were found to be associated with extreme cold 
front passage frequency months in the southern United States. Cold fronts frequently 
(infrequently) passed over Texas (grid cells one. two. and six) during months when an 
upper-air ridge (trough) was located over the northeastern North Pacific and an upper-air 
trough (ridge) was present over the western United States. In grid cells three and four, high 
cold front passage frequency months were found to be associated with an upper-air ridge 
over the western United States and an upper-air trough over the eastern United States, 
while low cold front passage frequencies resulted from the presence of an upper-air ridge 
to the north of these grid cells. The NAO was found to have a strong influence on extreme 
cold front passage frequency months in Georgia and South Carolina (grid cell five). Cold 
fronts frequently (infrequently) passed over grid cell five during low (high) NAO months, 
when the Icelandic Low and Atlantic Subtropical High are weaker (stronger) than normal. 
The Atlantic Subtropical High is especially important during low passage frequency
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months in grid cell five, when it extends over the eastern United States, inhibiting cyclone 
development. Lastly, extreme cold front passage frequency months in Florida were found 
to be associated with the PNA pattern. Florida experienced a high frequency of cold front 
passages during meridional months, when the upper-air trough over the southeastern 
United States is far enough south to provide support for the frequent development and 
passage of cyclones over grid cell seven. During zonal months, the jet stream and cyclone 
tracks are displaced farther north, resulting in fewer cold fronts passing through grid cell 
seven.
The upper-air circulation patterns associated with the frequent passage of weak 
cold fronts over the southern United States were identified through an examination of the 
500 mb composite maps for months having a high frequency of weak cold front passages 
and the daily 500 mb composite maps for the ten weakest cold front passages in each grid 
cell. The frequent passage of weak cold fronts over western Texas (grid cell one) was found 
to be associated with zonal upper-air flow from the Pacific. This zonal flow over the 
western United States results in Pacific air masses, originating from lower latitudes, 
intruding into west Texas. In grid cells two through five, the frequent passage of weak cold 
fronts were found to be associated with a weak upper-air trough over the southern United 
States, indicative of weak meridional or zonal flow. The high frequency of weak cold front 
passages in these grid cells may also be the result of a southern storm track extending from 
Mexico, over the Gulf of Mexico and into the southern United States. An upper-air trough 
located over the southwestern United States was found to be associated with the frequent 
passage of weak cold fronts over south Texas (grid cell six). Lastly, weak cold fronts 
frequently passed over Florida during months when an upper-air trough was present over 
the eastern United States and below-normal heights were present over the United States 
and western Canada. All of these upper-air patterns are associated with the frequent
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intrusion of lower-Iatitude air masses, usually originating from the Pacific, which results 
in a high frequency of weak cold front passages.
Both the daily and monthly 500 mb composite maps associated with the high 
frequency of strong cold fronts were characterized by a ridge over northwestern North 
America and a downstream trough over or near the southern United States. All months 
having a high frequency of cold front passages, regardless of intensity, are associated with 
an upper-air trough extending over or near the southern United States. The enhanced ridge 
over northwestern North America is what distinguishes months having a high frequency 
of strong cold fronts from other months. The northerly flow between the enhanced ridge 
over northwestern North America and the downstream trough results in the frequent 
intrusion of polar, or arctic air masses in the southern United States, and therefore a higher 
frequency of strong cold front passages.
Another in ,ortant finding in this chapter was revealed from the comparison of the 
monthly and daily 500 mb composite maps associated with a high frequency of weak or 
strong cold front passages. These monthly and daily composite maps were found to share 
common circulation anomalies (e.g. western ridge). Therefore, the circulation pattern on 
a monthly composite map is a valid representation of the circulation patterns occurring on 
the individual days within a month having a high frequency of weak or strong cold front 
passages.
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CHAPTER VI 
SUMMARY AND CONCLUSIONS
Variations in the frequency of cold fronts passing over the southern United States 
have been linked to the variability of winter temperatures and precipitation in the region 
in previous studies. Erosional and depositional processes occurring in the coastal 
environments of the southern United States are also affected by cold front passages. While 
cold front variability in the southern United States has an important influence on climate 
variability and coastal processes in the region, previous cold front climatologies have 
focused largely on the average characteristics of cold fronts. Therefore, this research has 
investigated the variability of cold fronts passing over the southern United States during 
the winter months. The two primary objectives of this research were: to develop a 
climatology of the cold fronts passing over the southern United States, and to examine the 
relationship between the atmospheric circulation and winter-season cold front variability 
in the region. The development of the southern United States cold front climatology 
included the examination of average cold front characteristics and monthly cold front 
variability, and the identification of months having extremes in cold front passage 
frequencies and cold front intensities. The relationship between southern cold front 
variability and the atmospheric circulation was then investigated through the examination 
of the influence of the SO, PNA, and NAO atmospheric teleconnection patterns on the 
monthly variability of cold front passage frequencies and cold front intensity values and 
through the identification of the upper-air circulation patterns associated with the frequent 
passage and infrequent passage of all cold fronts, weak cold fronts, and strong cold fronts 
over the southern United States.
123
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A. Climatology of Cold Front Frequency and Intensity
The average frequency and intensity characteristics of southern United States cold 
fronts were identified through the analysis of the median monthly frequencies of cold 
fronts, the monthly percentages of cold front passages and cold front non-passages, and 
the median monthly cold front intensity values in each grid cell. During a typical winter 
month, the majority of the five to six cold fronts entering each southern United States grid 
cell were found to pass through the cell. Grid cell seven over Florida had the lowest 
percentage of cold front passages. Nearly one out of every five cold fronts which entered 
the grid cell became stationary and eventually dissipated or moved northward as a warm 
front. Differences in cold front frequencies and intensities between the five winter months 
were also identified. The percentage of cold front passages in the southern United States 
was lowest in March and generally highest from December through February, with January 
having the highest cold front passage frequencies. The higher percentage of cold front 
passages during the middle of winter is likely associated with the strong jet stream winds 
typically located over the eastern United States during this time of year. Cold fronts 
entering the southern United States were also found to be strongest in the middle of winter, 
especially in January, and weakest in November and March.
The monthly variations in cold front passage frequencies and cold front intensities 
were also investigated. The range of monthly cold front passage frequencies was fairly 
similar throughout the southern United States, with most grid cells experiencing a 
minimum monthly frequency of two cold front passages and a maximum monthly 
frequency of eight to nine passages. Florida had more low cold front passage frequency 
months than the rest of the region, but also experienced months with eight or nine cold front 
passages. The higher range of cold front passage frequencies in Florida was attributed to 
the PNA pattern, whose influence was investigated further in the atmospheric
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teleconnections chapter. From an examination of the extreme cold front passage frequency 
months, high passage frequency months in the southern United States grid cells were 
characterized by seven or more cold front passages. All of the northern grid cells and south 
Texas experienced three or fewer cold front passages during low passage frequency 
months. Florida only had two or fewer cold front passages during low passage frequency 
months. In terms of cold front intensity, high frequency months in the southern United 
States occurred when three or more weak cold fronts or three or more strong cold fronts 
entered any grid cell.
The high cold front frequency and low cold front frequency months were then 
analyzed to identify the time of year when they occurred The high cold front passage 
frequency months occurred most often in January, when a strong jet stream is typically 
located over the eastern United States. Months having a high frequency of strong cold 
fronts occurred most frequently during December and January. Low cold front passage 
frequency months and months having a high frequency of weak cold fronts occurred most 
frequently in November and March. These results along with the average frequency and 
intensity findings suggest that: during the middle of winter, especially December and 
January, cold fronts tend to be stronger and are able to pass through the southern United 
States more frequently without stalling, while in November and March, the cold fronts 
entering the southern United States are generally weaker and tend to stall more frequently.
An examination of the interannual variability of high and low cold front passage 
frequency months revealed that several high cold front passage frequency months and 
relatively few low cold front frequency months occurred during the late 1970s and the First 
couple of winters of the 1980s. The months with a high frequency of strong cold fronts 
were fairly evenly distributed throughout the 29 winter seasons. Months having a high 
frequency of weak cold fronts occurred most often from the mid-1970s to the mid-1980s.
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These results indicate that the winters of the late 1970s and the first couple of years of the 
1980s were characterized by frequent cold front passages, with many of these cold fronts 
having a weak intensity.
The Spearman test was used to identify significant trends in the monthly 
frequencies of cold front passages, weak cold fronts, and strong cold fronts in each grid cell. 
Very few significant trends were found. The frequency of November cold front passages 
in grid cell three increased over time and may be the result of an increase in the number 
of Pacific cold fronts entering the region. Decreasing trends in cold front passages were 
found in grid cells one. two, and six during February and in grid cell six during March and 
may be associated with a tendency for the occurrence of a more zonal upper-air circulation 
pattern over the United States during recent winters. Increasing trends in the frequency of 
weak cold fronts were also found in grid cell one during January and in grid cell four during 
March.
B. Atmospheric Teleconnection Patterns
The relationship between the SO. PNA. and NAO teleconnection patterns and cold 
front variability in the southern United States was then investigated. These three 
teleconnection patterns were included in the circulation analysis, because of their influence 
on the intensity and movement of mid-latitude cyclones over North America and also their 
association with winter season temperature and precipitation variability in the southern 
United States which had been identified in previous atmospheric teleconnection studies. 
The influence of each teleconnection pattern was first examined through the correlation of 
the monthly cold front passage frequencies in each grid cell with the monthly index values 
of the teleconnection pattern. Differences in cold front passage frequencies and cold front 
intensities between the opposite phases the teleconnection pattern were then examined.
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For the SO teleconnection pattern, the Spearman correlation results and the median 
cold front passage frequencies during the opposite phases indicated that the northern grid 
cells tended to experience a higher (lower) frequency of cold front passages during La Nina 
(El Nino) months, while Florida tended to experience more cold front passages during El 
Nino (La Nina) months. However, the Median test did not reveal any significant 
differences in monthly cold front passage frequencies between El Nino and La Nina events. 
Cold fronts entering the northern grid cells and southern Texas were found to be 
significantly stronger during La Nina months than during El Nino months. The differences 
in cold front passage frequencies and cold front intensities may be the result of the presence 
of an enhanced subtropical jet extending from the eastern North Pacific over Mexico and 
the Gulf of Mexico during El Nino winters and the presence of a more northerly located 
polar jet stream during La Nina winters. With the presence of the subtropical jet during 
El Nino winters, cyclones tend to form farther south, resulting in fewer passages in the 
northern grid cells and more passages over Florida. With the absence of the subtropical 
je t stream and the presence of a more northerly located polar jet stream during La Nina 
winters, the cyclone tracks tend to be located farther north, resulting in more cold front 
passages in the northern grid cells and fewer passages over Florida. Cold fronts also tend 
to be stronger during La Nina winters, because of the polar jet stream bringing 
higher-latitude air masses into the region after the frontal passage.
An examination of the influence of the PNA teleconnection pattern on cold front 
activity in the southern United States revealed that cold front passage frequencies in Florida 
were significantly higher (lower) during the meridional (zonal) phase of the PNA. The 
Spearman correlation results also suggested that cold front passage frequencies in western 
Texas may be higher during reverse-PNA flow conditions, when an upper-air trough is 
located over the western United States. A comparison of cold front intensity values during
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the opposite phases of the PNA pattern indicated that cold fronts entering the northern grid 
cells were significantly stronger during zonal flow conditions than during meridional flow. 
Although not statistically significant, cold fronts entering Florida were generally stronger 
during meridional months. The meridional phase of the PNA pattern has been previously 
linked with the more frequent intrusion of polar and arctic air masses into the southern 
United States, especially the southeast. Therefore, it was surprising to find that cold fronts 
passing through grid cells three, four, and five were stronger during zonal flow conditions. 
During meridional flow, these grid cells may be located between the upper-air ridge over 
western North America and the downstream upper-air trough, which would result in 
weaker cyclones and cold fronts passing over these central and eastern grid cells. With the 
tendency for cooler conditions over the southeast during meridional months, another 
possible explanation for the weaker cold fronts in grid cells three, four, and five during 
meridional months is that the temperatures behind the cold fronts may not be much lower 
than the air mass ahead of the front.
The NAO teleconnection pattern was found to have a strong association with cold 
front passage frequencies in the southern United States. The Spearman correlation results 
and the median cold front passage frequencies during the opposite phases of the NAO 
indicated a region-wide tendency for higher cold front passage frequencies during months 
when the Icelandic Low and Atlantic Subtropical High were weaker than normal (low 
NAO) and lower cold front passage frequencies when the Icelandic Low and Atlantic 
Subtropical High were stronger than normal (high NAO). The Median test revealed that 
the differences in cold front passage frequencies between the opposite phases of the NAO 
pattern were statistically significant in western and eastern Texas (grid cells one and two), 
and in Georgia and South Carolina. Florida generally experienced fewer cold front 
passages during high NAO months, when the Atlantic Subtropical High extends over the
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southern United States. During low NAO months, the higher cold front passage 
frequencies in the southern United States, especially in western and eastern Texas and 
Georgia and South Carolina, result from the presence of below-normal 500 mb heights 
over the United States and an accompanying southward shift in the storm tracks. During 
high NAO months, above-normal 500 mb heights cover much of the United States, 
resulting in the northward shift in storm tracks and fewer cold front passages over the 
southern United States.
In terms of cold front intensities, western Texas and southern Texas were found to 
experience stronger cold fronts during low NAO months than during high NAO months. 
Previous studies have indicated that the 500 mb circulation during low NAO months is 
characterized by the presence of an enhanced ridge over northwestern North America, in 
addition to the aforementioned presence of a trough over much of the United States. The 
tendency for stronger cold fronts in grid cells one and six during low NAO months probably 
results from the northerly flow between the northwestern ridge and a downstream trough 
located over the western United States, which allows for the more frequent intrusions of 
cold air masses into these grid cells.
Based on a comparison of the three teleconnection patterns, the NAO appears to 
have the strongest influence on cold front passage frequencies in the southern United 
States. Cold front passage frequencies in western and eastern Texas and in Georgia and 
South Carolina are strongly associated with the NAO. The PNA pattern exerts a strong 
influence on cold front passage frequencies only in Florida. The SO appears to have the 
weakest influence on the variability of cold front frequencies, with no significant 
differences in cold front passage frequencies found between El Nino and La Nina months. 
The NAO did not have much of an influence on cold front intensities, while cold front
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intensity values during the opposite phases of the SO and PNA teleconnection patterns 
were significantly different in most grid cells in the southern United States.
With the Icelandic Low and the Atlantic Subtropical High located to the east of 
North America, it is surprising that there is such a strong association between the NAO and 
southern United States cold front passage frequencies. In some months, the NAO is 
affected by the development of upstream circulation features over North America, such as 
an upper-air trough over the United States. With increased meridional flow over the 
United States, there will be an accompanying downstream increase in meridional flow over 
the North Atlantic, resulting in a lower NAO index value. Therefore, the tendency for 
higher (lower) cold front passage frequencies over the southern United States during low 
(high) NAO months, in some cases may be a result of the development of an upper-air 
trough (ridge) over the region, rather than any direct influence from the NAO.
C. Circulation Patterns Associated with Extremes in Cold Front Activity
The upper-air circulation patterns associated with extremes in cold front passage 
frequencies and intensities in each southern United States grid cell were identified. For the 
examination of extreme cold front passage frequency months, 500 mb height composite 
maps were plotted for months having a high frequency of cold front passages and for 
months having a low frequency of cold front passages. To identify the circulation patterns 
associated with the frequent passage of strong cold fronts and the frequent passage of weak 
cold fronts over each grid cell, composite maps of the 500 mb heights were plotted for: 1) 
months having a high frequency of strong cold front passages, 2) months having a high 
frequency of weak cold front passages. 3) the ten strongest cold front passages, and 4) the 
ten weakest cold front passages.
Four upper-air circulation patterns were found to be associated with extreme cold 
front passage frequency months in the southern United States. In the western half of the
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region (grid cells one. two. and six), high (low ) passage frequency months occurred when 
the 500 mb circulation was characterized by a ridge (trough) over the northeastern North 
Pacific and a trough (ridge) centered over western North America. In grid ceils three and 
four (Louisiana, southern Arkansas, Mississippi, and Alabama), high frequency months 
were associated with a trough over northwestern North America, a ridge extending from 
the southwestern United States into central Canada, and a trough over the eastern United 
States, while low frequency months were associated with a ridge located just to the north 
of these grid cells. The NAO was found to have a major influence on the extreme passage 
frequency months in Georgia and South Carolina (grid cell five). High (low) passage 
frequency months in grid cell five occurred when the upper-air circulation was 
characterized by a weaker-than-normal (stronger-than-normal) Icelandic Low and 
Atlantic Subtropical High. The Atlantic Subtropical High was especially important during 
low passage frequency months in Georgia and South Carolina, when it extended over the 
eastern United States. Lastly, an examination of the 500 mb maps associated with extreme 
passage frequency months in Florida revealed the importance of the PNA pattern. Florida 
experienced a high (low) frequency of cold front passages during meridional (zonal) 
months.
Four upper-air circulation patterns were found to occur during months when the 
southern United States grid cells experienced a high frequency of weak cold front passages. 
Weak cold fronts frequently passed over western Texas (grid cell one) during months when 
an upper-air trough was centered along the west coast of North America. The tendency 
for troughing along the west coast resulted from the frequent passage of short waves and 
their accompanying cyclones over the western United States. Therefore, Pacific air masses 
frequently intrude into western Texas, following the cold front passages.
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Grid cells two through five experienced a high frequency of weak cold front 
passages, during months when the 500 mb circulation was characterized by a trough over 
northwestern North America, a ridge extending from the southwestern United States into 
eastern Canada, and a trough extending from the Gulf or Atlantic into the southern United 
States. The daily 500 mb composite maps for the ten weakest cold front passages was fairly 
similar to the monthly composite maps, the only difference being a stronger eastern United 
States trough on the daily maps.
Weak cold fronts frequently passed over southern Texas (grid cell six) during 
months when the upper-air circulation was characterized by a trough extending from the 
Aleutians into northwestern North America, a ridge covering much of Canada and the 
eastern United States, and a trough centered over the southwestern United States. The 
southwestern United States trough was also present on the daily 500 mb composite maps 
for the ten weakest cold front passages in grid cell six. Therefore, the frequent passage of 
weak cold fronts over south Texas is likely associated with the southwestern trough, which 
allows for the intrusion of Pacific air masses into the region following frontal passages. 
Lastly, during months when Florida (grid cell seven) experienced a high frequency of weak 
cold front passages, the 500 mb circulation was characterized by below-normal heights 
over the United States and western Canada, including a trough over the eastern United 
States, and a weakened Icelandic Low and Atlantic Subtropical High. The eastern trough 
provides support for cold front passages over Florida. The fronts tend to be weak, however, 
because there is no strong upper-air ridge over western North America to allow for the 
intrusion of cold air masses into the southern United States.
Strong cold fronts frequently passed over the southern United States during months 
when the upper-air circulation was characterized by a strong ridge over northwestern 
North America and a downstream trough. The upper-air trough was generally located over
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portions of western and central North America for the northern grid cells, over the eastern 
two-thirds of the United States for south Texas, and over the eastern half of North America 
for Florida. The meridional phase of the PNA pattern was also present during months when 
Florida experienced a high frequency of strong cold front passages. The northwestern 
ridge-downstream trough upper air pattern was also identified on the daily 500 mb 
composite maps for the ten strongest cold front passages in each grid cell. The presence 
of the upper-air ridge over northwestern North America and the downstream trough are 
necessary for the frequent passage of strong cold fronts over the southern United States. 
The strong northerly flow at the 500 mb level between the northwestern ridge and 
downstream trough allows for the frequent intrusion of polar and arctic air masses into the 
region.
D. Review
Texas experiences a high (low) frequency of cold front passages during months 
when an upper-air ridge (trough) is located over the northeastern North Pacific and an 
upper-air trough (ridge) is present over western North America. When the upper-air 
trough is no longer present over western North America but is located farther west, Texas 
experiences a high frequency of weak cold front passages. Strong cold fronts frequently 
pass over Texas during months when the upper-air ridge extends into northwestern North 
America and a deeper upper-air trough extends over the western and central portions of 
the United States.
Very few cold fronts pass over grid cells three and four (southern Arkansas, 
Louisiana, Mississippi, and Alabama) during months when an upper air ridge is located just 
to the north. Months having a high frequency of cold front passages and months having 
a high a high frequency of weak cold front passages are both associated with an upper-air 
trough over northwestern North America, an upper-air ridge extending from the
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southwestern United States into Canada, and an upper-air trough over eastern North 
America. However, the upper-air trough over the eastern United States is much weaker 
during months having a high frequency of weak cold front passages. The frequent passage 
of strong cold fronts over grid cells three and four occur during months when an enhanced 
ridge is located over northwestern North America and an upper-air trough is located over 
the western and central portions of North America.
Extreme cold front passage frequency months in Georgia and South Carolina are 
associated with the NAO. Months having a high (low) frequency of cold front passages 
are associated with an upper-air ridge (trough) over the Greenland-Iceland region and an 
upper-air trough (ridge) over the eastern United States extending from the Atlantic 
Subtropical High region. The Atlantic Subtropical High is especially important during low 
passage frequency months when it extends over the eastern United States and inhibits cold 
front activity. The months having a high frequency of weak cold front passages are 
associated with a weak upper-air trough over the south and an upper-air trough extending 
over the northwestern quarter of North America. The frequent passage of strong cold fronts 
over Georgia and South Carolina is associated with a strong upper-air ridge over 
northwestern North America and an upper-air trough covering much of North America.
Lastly in Florida, the PNA is associated with extreme cold front passage frequency 
months. Florida experiences a high (low) frequency of cold front passages during 
meridional (zonal) months, when the upper-air circulation is characterized by a trough 
(ridge) over the Aleutians, a ridge (trough) over western Canada and portions of the 
western United States, and a trough (ridge) over the southeastern United States. Months 
having a high frequency of weak cold front passages are associated with a weak upper-air 
trough over the eastern United States and below-normal 500mb heights over the rest of the 
United States and western Canada. The lack of a strong upper-air ridge in the west results
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in the cold fronts being weak. Strong meridional flow is associated with the frequent 
passage of strong cold fronts over Florida. The upper-air flow is more amplified, with the 
ridge covering all of western Canada and the western United States.
E. Applications
This study has identified the upper-air circulation patterns associated with months 
when the southern United States experiences extremes in cold front frequency and intensity 
and has provided a cold front climatology for the region. The months when the region 
experiences extremes in cold front frequency and intensity are likely to have the strongest 
impacts on temperature and precipitation variability and coastal processes in the southern 
United States during winter. A high frequency of strong cold front passages could produce 
increased sound-side erosion on the barrier islands of the northern Gulf of Mexico or an 
increase in the number of freezes in a grid cell. Very few freezes are likely to occur during 
months when a low frequency of cold fronts pass over the region. An increase in the 
number of precipitation events may also occur during months when a high frequency of 
cold fronts pass over a grid cell. Therefore, the upper-air circulation patterns associated 
with extremes in cold front frequency and intensity have several potential applications. 
The presence of an enhanced upper-air ridge during months when a grid cell experiences 
a high frequency of strong cold fronts, for example, may be a useful tool for the forecasting 
of cold air outbreaks in freeze-susceptible areas, such as the citrus-growing regions of 
Florida, or identifying when certain coastal areas are likely to experience strong erosion 
events.
F. Future Research
Based on the findings of this study, there are many research questions that should 
be addressed in the future. With cold front variability information now available for the
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southern United States, the effects of extreme cold front frequency and intensity months 
on climate variability in the region can be investigated. It would be especially interesting 
to examine the differences in temperature impacts (e.g. freezes and unusually high or low 
average monthly temperatures) between high and low cold front passage frequency months 
and also between months having a high frequency of weak cold fronts and months having 
a high frequency strong cold fronts. With previous studies indicating that cold fronts have 
an important influence on precipitation variability in the southern United States 
(Henderson and Robinson 1994: Keim 1996), future research is also needed on the 
precipitation impacts in the region during months having extremes in cold front frequency 
and intensity.
Future research should also include an examination of how often extremes in cold 
front frequency and intensity occur in consecutive months. Two consecutive months 
having a high frequency of strong cold front passages, for instance, may have a greater 
economic impact on the region in terms of fuel costs or shortages than two isolated 
occurrences of high frequency months.
This study did not examine the variability of cold front non-passages in the 
southern United States. Therefore, future research should be directed towards 
understanding the variability of non-passages in the region and identifying the circulation 
patterns associated with cold front non-passages. The strength of the cold air surge behind 
the front and the strength of a blocking high to the south of the front are particular 
circulation features that need to be investigated in the future to gain a better understanding 
of when a cold front is likely to become stationary. With nearly 20% of the cold fronts in 
Florida becoming stationary and eventually dissipating or moving northward as a warm 
front, it would be especially interesting to examine the circulation features associated with 
non—passages in this portion of the southern United States. The identification of the
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circulation patterns associated with fronts becoming stationary in Florida would provide 
useful information for forecasting the potential for freezes in citrus-growing regions or the 
occurrence of heavy rain events in the state.
Future research is also needed on how variations in the frequency and intensity of 
southern United States cold fronts affect the coastal areas of the region. The duration and 
magnitude of the northerly winds following cold front passages appear to be especially 
important for understanding the processes associated with the sound—side erosion of the 
barrier islands in the northern Gulf of Mexico (Chaney 1998).
Lastly, future research may also be directed towards an examination of the possible 
variations in cold front frequencies and intensities in the southern United States under 
future climate conditions, such as greenhouse-induced global warming. Based upon the 
GCM-simulated atmospheric circulation patterns that are likely to occur under future 
climate conditions, scenarios of future cold front variability in the southern United States 
could be developed.
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APPENDIX A
STATION PAIR GUIDELINES
1. At least one of the two stations must be within the grid cell
2. Distance between the two stations usually 300 km or less
•  73% (110 out of 150) of initial list of potential station pairs had a distance less
than or equal to 300 km
3. Station pairs with distance greater than 300 km
•  no other station pairs cover that area
4. Station pairs with one station outside the grid cell
•  midpoint between the two stations must lie within the grid cell
(unless no other station pairs cover that area)
5. If more than one station pair overlaps an area
•  use all station pairs that have a distance less than or equal to 300 km
•  when overlapping station pairs all have distances greater than 300 km
chose the station pair with the shortest distance
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APPENDIX B
CALCULATION OF THE DISTANCE BETWEEN TWO 
STATIONS
1. Steps taken to calculate the distance between two stations A and B .
(based on Robinson et al. 1984)
a. equation used
cos D = (sin a x  sin b) + (cos a x  cos b x cos P)
in which D is the arc distance between A and B: a is the latitude of A; b is the 
latitude of B: and P is the degrees of longitude between A and B.
b. Take the Arcosine of (cos D)
c. Divide D by 2jt radians and multiply by 40,075.1 km or by 24.901.5 miles to
determine the arc’s proportion of the circumference of the Earth
2. SAS Program Used.
* Program Name: statdist.sas:
Calculates the distance between station pairs:
data statdist; 
infile “gc7statp.air”;
Input statpair 57. latA long A IatB longB; 
sinAB = sin(latA) * sin(IatB):
P = abs (longA -  longB);
cosABP = cos(latA) * cos(latB) * cos(P);
D = arcos(sinAB + cosABP); 
pi = 3.141592653589793; 
metrdist = D/(2 * pi) * 40075.1; 
miledist = D/(2 * pi) * 24901.5: 
file ‘gc7stat.dis’;
put statpair 57. @9 metrdist 19.15 @30 miledist 19.15; 
run;
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APPENDIX C
HOURLY STATIONS USED FOR INTENSITY ANALYSIS
Station WBAN# latitude longitude
Albuquerque, NM 23050 35.05 N 106.62 W
Abilene. TX 13962 32.43 N 99.68 W
Amarillo. TX 23047 35.23 N 101.70 W
Austin. TX 13958 30.30 N 97.70 W
Brownsville, TX 12919 25.90 N 97.43 W
Corpus Christi, TX 12924 27.77 N 97.50 W
El Paso. TX 23044 31.80 N 106.40 W
Fort Worth. TX 03927 32.83 N 97.05 W
Houston, TX 12960 29.98 N 95.37 W
Lubbock. TX 23042 33.65 N 101.82 W
Lufkin, TX 93987 31.23 N 94.75 W
Midland. TX 23023 31.93 N 102.20 W
San Angelo. TX 23034 31.37 N 100.50 W
San Antonio. TX 12921 29.53 N 98.47 W
Victoria. TX 12912 28.85 N 96.92 W
Waco. TX 13959 31.62 N 97.22 W
Wichita Falls. TX 13966 33.97 N 98.48 W
Port Arthur. TX 12917 29.95 N 94.02 W
Oklahoma City, OK 13967 35.40 N 97.60 W
Fort Smith. AR 13964 35.33 N 94.37 W
Little Rock, AR 13963 34.73 N 92.23 W
Baton Rouge. LA 13970 30.53 N 91.15 W
Lake Charles, LA 03937 30.12 N 93.22 W
New Orleans, LA 12916 29.98 N 90.25 W
Shreveport. LA 13957 32.47 N 93.82 W
Jackson, MS 03940 32.32 N 90.08 W
Meridian, MS 13865 32.33 N 88.75 W
Birmingham, AL 13876 33.57 N 86.75 W
Huntsville, AL 03856 34.65 N 86.77 W
Mobile, AL 13894 30.68 N 88.25 W
Montgomery, AL 13895 32.30 N 86.40 W
Chattanooga. TN 13882 35.03 N 85.20 W
Memphis, TN 13893 35.05 N 89.98 W
Charlotte, NC 13881 35.22 N 80.93 W
Greenville, SC 03870 34.90 N 82.22 W
Columbia, SC 13883 33.95 N 81.12 W
Charleston, SC 13880 32.90 N 80.03 W
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Station WBAN# latitude longitude
Athens. GA 13873 33.95 N 83.32 W
Atlanta. GA 13874 33.65 N 84.43 W
Augusta, GA 03820 33.37 N 81.97 W
Columbus. GA 93842 32.52 N 84.95 W
Macon. GA 03813 32.70 N 83.65 W
Savannah, GA 03822 32.13 N 81.20 W
Daytona Beach. FL 12834 29.18 N 81.05 W
Jacksonville. FL 13889 30.50 N 81.70 W
Miami. FL 12839 25.80 N 80.27 W
Tallahasse. FL 93805 30.38 N 84.37 W
Tampa, FL 12842 27.97 N 82.53 W
West Palm Beach. FL 12844 26.68 N 80.10 W
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APPENDIX D
STATION PAIRS USED TO CALCULATE COLD FRONT 
INTENSITY IN EACH GRID CELL
Grid Cell One
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Grid Cell Six




San Antonio-Corpus Christi 218.16
Victoria-Austin 178.34
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Tampa—Miami 
Daytona Beach-Jacksonville 
Daytona Beach-West Palm Beach 
West Palm Beach-Miami
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APPENDIX E
MONTHLY COLD FRONT FREQUENCIES 
IN EACH GRID CELL
Year Month Number of Passages (cells 1 - 7 )
1961 11 5 5 5 5 4 5 3
1961 12 5 5 6 5 5 4 4
1962 1 7 7 6 6 6 7 6
1962 2 5 6 6 6 6 5 2
1962 3 6 5 5 4 4 6 6
1962 11 3 4 6 7 7 2 5
1962 12 6 6 5 5 5 6 5
1963 1 7 7 6 5 5 6 6
1963 2 4 6 6 7 7 3 8
1963 3 6 6 5 5 5 6 2
1963 11 5 5 3 3 3 4 3
1963 12 5 5 5 5 5 5 7
1964 1 7 7 7 7 6 7 7
1964 2 6 5 5 4 6 5 9
1964 3 7 7 6 6 6 5 6
1964 11 4 4 3 3 3 4 4
1964 12 5 5 5 5 4 4 4
1965 I 6 7 7 7 7 6 6
1965 2 6 6 4 5 5 5 4
1965 3 5 5 6 6 7 5 5
1965 11 5 3 3 4 4 2 3
1965 12 2 3 3 3 3 3 3
1966 1 6 6 5 5 7 5 6
1966 2 5 5 4 3 3 6 3
1966 3 5 4 3 2 2 4 3
1966 11 4 3 3 4 4 3 4
1966 12 5 5 4 4 4 4 5
1967 1 5 5 4 4 5 5 5
1967 2 8 8 8 8 8 8 6
1967 3 5 4 4 4 4 2 3
1967 11 7 6 5 4 4 2 3
1967 12 7 7 6 7 7 8 4
1968 1 4 4 3 4 5 5 4
1968 2 6 6 6 5 5 5 6
R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
154
1968 3 3 3 3 4 4 3 5
1968 11 7 7 6 6 6 7 6
1968 12 7 7 7 7 7 7 5
1969 1 5 5 4 4 5 3 5
1969 •> 4 4 5 4 4 5 5
1969 3 3 4 2 2 3 5 6
1969 11 4 4 3 3 3 3 4
1969 12 5 5 6 6 6 4 4
1970 1 6 6 5 6 7 6 6
1970 2 6 5 5 5 6 6 6
1970 3 5 6 6 4 4 6 4
1970 11 7 7 4 5 5 5 5
1970 12 7 7 5 6 6 5 5
1971 I 6 6 5 5 5 4 3
1971 2 6 5 4 3 3 4 4
1971 3 7 7 7 7 7 5 5
1971 11 6 6 6 6 6 7 6
1971 12 4 4 5 5 4 3 3
1972 1 7 6 6 5 5 4 2
1972 T 6 6 6 6 6 6 5
1972 3 6 6 6 6 6 5 6
1972 11 6 6 6 6 6 6 5
1972 12 6 7 5 5 4 6 3
1973 1 4 4 4 3 6 3 3
1973 2 5 4 4 4 4 4 3
1973 3 7 6 7 3 3 4 3
1973 II 5 5 5 5 5 5 4
1973 12 6 6 5 4 4 6 4
1974 I 4 4 5 5 3 4 0
1974 2 6 6 6 6 6 6 5
1974 3 6 5 5 5 5 3 2
1974 11 6 6 6 6 6 6 4
1974 12 5 5 5 4 4 5 5
1975 1 7 6 6 6 6 3 5
1975 2 6 6 6 6 6 6 4
1975 3 8 8 7 7 7 6 3
1975 11 7 6 5 4 4 6 3
1975 12 4 5 5 6 5 6 5
1976 1 7 8 8 7 7 7 6
1976 2 5 4 4 5 3 3 3
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1976 3 6 6 7 7 6 7 4
1976 11 3 3 3 4 4 2 5
1976 12 6 6 6 6 6 6 6
1977 1 6 6 7 7 7 7 9
1977 2 5 6 7 7 7 5 6
1977 3 7 7 6 4 3 5 2
1977 11 6 6 7 5 5 5 4
1977 12 7 7 7 7 7 6 5
1978 1 3 4 4 5 5 5 6
1978 2 4 5 4 4 5 4 5
1978 3 7 6 7 6 7 4 7
1978 11 4 4 3 4 3 3 1
1978 12 7 7 6 6 7 6 6
1979 I 5 5 6 6 6 6 8
1979 2 4 4 4 4 4 4 4
1979 3 5 3 4 5 5 3 4
1979 11 4 4 4 4 4 4 3
1979 12 4 5 4 4 5 5 3
1980 1 6 6 7 7 7 7 7
1980 2 5 6 6 5 5 5 5
1980 3 8 8 6 6 7 6 4
1980 11 2 2 4 6 6 1 4
1980 12 5 5 5 5 5 4 6
1981 1 7 8 8 8 8 5 8
1981 2 5 4 4 4 4 4 5
1981 3 5 6 6 6 6 6 4
1981 11 7 7 8 6 6 4 5
1981 12 7 7 6 6 7 5 4
1982 I 9 8 8 8 8 8 7
1982 2 6 6 6 5 5 5 3
1982 3 5 3 3 3 3 3 2
1982 11 5 4 5 5 4 5 3
1982 12 6 6 6 5 5 6 3
1983 I 3 6 5 5 5 6 7
1983 2 3 3 3 3 4 5 8
1983 3 5 5 4 4 3 5 5
1983 11 6 6 6 6 6 6 5
1983 12 6 6 6 6 5 6 5
1984 1 5 5 5 5 4 5 4
1984 2 6 7 7 7 7 6 6
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1984 3 5 5 5 5 5 4 3
1984 11 7 7 7 6 6 6 4
1984 12 6 7 5 5 5 3 1
1985 I 4 4 5 4 4 4 5
1985 2 5 4 4 5 4 3 1
1985 3 4 5 6 6 6 4 3
1985 11 4 6 4 2 2 2 3
1985 12 3 3 4 4 3 4 4
1986 1 6 7 8 8 9 5 6
1986 2 4 3 5 6 6 3 5
1986 3 5 4 3 3 3 3 3
1986 11 6 7 6 4 3 5 1
1986 12 3 3 3 2 3 3 5
1987 1 4 6 6 6 6 5 7
1987 2 3 4 5 5 3 4 4
1987 3 4 4 4 4 4 4 5
1987 11 4 4 4 4 4 3 3
1987 12 6 6 5 5 5 4 3
1988 I 4 4 4 4 4 6 5
1988 2 6 5 5 6 6 5 5
1988 3 6 6 4 4 4 5 4
1988 11 8 8 7 7 7 5 2
1988 12 5 4 4 4 4 3 3
1989 1 8 7 7 7 7 4 1
1989 2 3 4 4 4 3 3 I
1989 3 4 4 4 3 3 4 3
1989 11 5 5 5 5 5 5 5
1989 12 6 6 6 5 4 5 5
1990 I 5 5 4 4 6 5 5
1990 2 5 4 4 4 4 5 3
1990 3 4 4 5 5 5 2 3
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Year Month Number of Non—Passages (Cells 1 - 7 )
1961 11 0 0 0 0 1 0 I
1961 12 0 0 0 I 1 1 I
1962 I 0 0 I I I 0 1
1962 2 1 1 1 1 1 1 3
1962 3 0 I 1 1 0 0 0
1962 11 I 1 0 0 0 I I
1962 12 0 0 0 0 0 0 0
1963 1 0 0 0 0 0 0 0
1963 2 0 1 1 0  1 2  0
1963 3 0 0 1 2  2 0 3
1963 11 0 1 2  1 1 1 1
1963 12 0 0 0 0 0 0 0
1964 1 0 0 0 0 1 0  0
1964 2 1 2  2 0 0 1 0
1964 3 I 1 1 0 0 0 0
1964 11 2 2 2 0 0 0 0
1964 12 1 1 1 1 2  0 0
1965 1 2 1 0  0 0 1 1
1965 2 1 0  2 1 1 0  1
1965 3 0 0 0 0 0 0 1
1965 11 2 4 3 0 0 3 0
1965 12 1 0 0 0 0 I 1
1966 1 0 1 1 1 1 0  2
1966 2 0 0 2 3 1 0  1
1966 3 0 1 2  2 2 0 0
1966 11 0 0 0 0 0 0 0
1966 12 0 0 0 0 0 1 0
1967 1 0 0 0 0 0 0 0
1967 2 0 0 0 0 0 0 1
1967 3 1 2  2 0 0 2 1
1967 11 1 2  2 3 2 2 0
1967 12 1 1 2  0 0 0 3
1968 1 2 2 1 1 1 0  1
1968 2 0 0 0 0 0 0 0
1968 3 2 2 2 1 1 0  0
1968 II 0 0 1 1 0 0 I
1968 12 0 0 0 0 0 0 1
1969 I 1 1 2  2 0 2 0
1969 2 0 0 0 0 0 0 0
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1969 3 1 0 0 0 0 2 I
1969 11 0 0 I 0 0 I 0
1969 12 0 0 I I 1 1 1
1970 1 0 0 I 1 0 0 1
1970 2 0 I 0 0 0 0 0
1970 3 0 0 0 2 2 I I
1970 11 I 1 2 0 0 0 0
1970 12 1 1 2 0 0 3 2
1971 I 0 0 I 1 1 1 1
1971 2 0 1 2 2 2 2 I
1971 3 0 0 0 0 0 2 1
1971 11 0 0 0 0 0 0 1
1971 12 1 I 1 1 2 I I
1972 1 0 1 1 1 1 2 3
1972 2 1 1 1 1 1 0 2
1972 3 1 I I I 1 I 1
1972 11 0 0 1 1 1 1 2
1972 12 1 0 2 1 1 1 1
1973 I 0 0 0 1 0 0 4
1973 2 I 1 2 1 1 I 0
1973 3 0 I 0 4 3 3 0
1973 II 0 0 1 I 1 0 0
1973 12 0 0 0 0 0 0 0
1974 1 0 0 0 1 3 0 2
1974 2 0 0 1 1 1 0 1
1974 3 0 1 I I 0 2 3
1974 11 0 0 0 0 0 0 1
1974 12 0 0 0 I 1 0 1
1975 I 0 1 2 2 2 3 I
1975 ■> 1 1 1 1 1 0 2
1975 3 0 0 1 1 I 2 4
1975 11 0 1 1 1 1 0 1
1975 12 1 I 0 0 0 0 0
1976 1 0 0 0 0 0 1 1
1976 2 0 1 1 1 2 0 0
1976 3 0 0 0 0 1 0 1
1976 11 0 0 0 0 0 0 0
1976 12 1 1 1 0 0 0 I
1977 I 0 0 0 0 0 0 0
1977 2 0 0 0 0 0 1 1
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1977 3 0 1 2 4 5 2 1
1977 11 0 I I 2 2 1 I
1977 12 0 0 0 0 0 0 2
1978 I 1 1 1 0 0 0 I
1978 2 I 0 0 0 0 1 1
1978 3 0 1 1 2 1 1 0
1978 11 I 1 3 I 2 1 1
1978 12 0 0 1 0 0 I 1
1979 1 1 I 1 1 1 0 0
1979 2 1 1 1 0 0 I 0
1979 3 1 3 3 2 2 1 1
1979 11 0 0 0 0 0 0 1
1979 12 0 0 0 1 0 0 3
1980 1 0 0 I 1 0 1 0
1980 2 0 0 0 0 0 0 0
1980 3 1 I 2 2 I 2 4
1980 11 1 1 0 0 0 0 1
1980 12 0 0 0 0 0 0 0
1981 1 0 0 0 0 0 I 0
1981 2 0 0 0 0 0 0 0
1981 3 0 0 0 0 0 0 0
1981 11 0 0 0 1 0 3 1
1981 12 0 0 0 I 0 0 1
1982 1 1 2 2 1 I 0 2
1982 2 0 0 0 1 1 I 4
1982 3 1 2 1 1 I 0 0
1982 11 0 1 0 0 1 0 1
1982 12 0 0 0 1 1 0 2
1983 1 1 0 0 0 0 0 2
1983 2 0 1 1 1 0 1 0
1983 3 0 0 0 0 1 0 1
1983 11 0 0 0 0 0 0 1
1983 12 1 1 0 0 1 0 1
1984 I 0 0 0 0 1 0 I
1984 2 1 1 0 0 0 1 1
1984 3 1 2 2 2 2 2 2
1984 11 0 0 0 0 0 1 2
1984 12 0 0 1 1 0 3 4
1985 I 0 0 0 0 0 0 0
1985 2 0 1 1 0 1 0 3
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1985 3 2 2 2 2 2 I 1
1985 11 2 I 2 3 3 3 0
1985 12 I 1 I I 1 0 0
1986 I 0 0 0 0 0 0 2
1986 2 0 I I 0 0 0 I
1986 3 I 2 3 2 1 1 0
1986 11 0 0 2 4 5 3 2
1986 12 0 0 0 1 0 0 1
1987 1 0 0 0 0 0 1 1
1987 2 0 0 0 0 1 0 1
1987 3 2 2 0 0 I 0 0
1987 11 0 0 0 0 0 1 1
1987 12 0 0 0 0 0 1 2
1988 1 0 0 I 0 0 1 1
1988 2 0 1 I 0 0 0 0
1988 3 0 0 1 1 0 1 2
1988 11 0 0 1 1 1 3 3
1988 12 0 I 1 0 0 2 3
1989 I 0 I I 0 0 3 7
1989 2 1 0 0 0 I 0 1
1989 3 1 0 0 1 I 2 1
1989 11 0 0 0 0 0 0 0
1989 12 0 0 0 I I 0 0
1990 1 0 1 2 2 2 0 1
1990 2 0 1 1 1 0 1 1
1990 3 1 1 0 0 0 2 1
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
161
Year Month Cold Front Enter Totals (Cells 1 - 7 )
1961 11 5 5 5 5 5 5 4
1961 12 5 5 6 6 6 5 5
1962 1 7 7 7 7 7 7 7
1962 2 6 7 7 7 7 6 5
1962 3 6 6 6 5 4 6 6
1962 11 4 5 6 7 7 3 6
1962 12 6 6 5 5 5 6 5
1963 I 7 7 6 5 5 6 6
1963 2 4 7 7 7 8 5 8
1963 3 6 6 6 7 7 6 5
1963 11 5 6 5 4 4 5 4
1963 12 5 5 5 5 5 5 7
1964 1 7 7 7 7 7 7 7
1964 -> 7 7 7 4 6 6 9
1964 3 8 8 7 6 6 5 6
1964 11 6 6 5 3 3 4 4
1964 12 6 6 6 6 6 4 4
1965 I 8 8 7 7 7 7 7
1965 2 7 6 6 6 6 5 5
1965 3 5 5 6 6 7 5 6
1965 11 7 7 6 4 4 5 3
1965 12 3 3 3 3 3 4 4
1966 1 6 7 6 6 8 5 8
1966 2 5 5 6 6 4 6 4
1966 3 5 5 5 4 4 4 3
1966 11 4 3 3 4 4 3 4
1966 12 5 5 4 4 4 5 5
1967 I 5 5 4 4 5 5 5
1967 2 8 8 8 8 8 8 7
1967 3 6 6 6 4 4 4 4
1967 11 8 8 7 7 6 4 3
1967 12 8 8 8 7 7 8 7
1968 1 6 6 4 5 6 5 5
1968 2 6 6 6 5 5 5 6
1968 3 5 5 5 5 5 3 5
1968 11 7 7 7 7 6 7 7
1968 12 7 7 7 7 7 7 6
1969 I 6 6 6 6 5 5 5
1969 2 4 4 5 4 4 5 5
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1969 3 4 4 2 2 3 7 7
1969 11 4 4 4 3 3 4 4
1969 12 5 5 7 7 7 5 5
1970 1 6 6 6 7 7 6 7
1970 6 6 5 5 6 6 6
1970 3 5 6 6 6 6 7 5
1970 11 8 8 6 5 5 5 5
1970 12 8 8 7 6 6 8 7
1971 1 6 6 6 6 6 5 4
1971 2 6 6 6 5 5 6 5
1971 3 7 7 7 7 7 7 6
1971 11 6 6 6 6 6 7 7
1971 12 5 5 6 6 6 4 4
1972 1 7 7 7 6 6 6 5
1972 2 7 7 7 7 7 6 7
1972 3 7 7 7 7 7 6 7
1972 11 6 6 7 7 7 7 7
1972 12 7 7 7 6 5 7 4
1973 1 4 4 4 4 6 3 7
1973 2 6 5 6 5 5 5 3
1973 3 7 7 7 7 6 7 3
1973 11 5 5 6 6 6 5 4
1973 12 6 6 5 4 4 6 4
1974 1 4 4 5 6 6 4 2
1974 2 6 6 7 7 7 6 6
1974 3 6 6 6 6 5 5 5
1974 11 6 6 6 6 6 6 5
1974 12 5 5 5 5 5 5 6
1975 1 7 7 8 8 8 6 6
1975 2 7 7 7 7 7 6 6
1975 3 8 8 8 8 8 8 7
1975 11 7 7 6 5 5 6 4
1975 12 5 6 5 6 5 6 5
1976 I 7 8 8 7 7 8 7
1976 2 5 5 5 6 5 3 3
1976 3 6 6 7 7 7 7 5
1976 11 3 3 3 4 4 2 5
1976 12 7 7 7 6 6 6 7
1977 1 6 6 7 7 7 7 9
1977 2 5 6 7 7 7 6 7
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1977 3 7 8 8 8 8 7 3
1977 11 6 7 8 7 7 6 5
1977 12 7 7 7 7 7 6 7
1978 I 4 5 5 5 5 5 7
1978 "> 5 5 4 4 5 5 6
1978 3 7 7 8 8 8 5 7
1978 II 5 5 6 5 5 4 2
1978 12 7 7 7 6 7 7 7
1979 1 6 6 7 7 7 6 8
1979 2 5 5 5 4 4 5 4
1979 3 6 6 7 7 7 4 5
1979 11 4 4 4 4 4 4 4
1979 12 4 5 4 5 5 5 6
1980 1 6 6 8 8 7 8 7
1980 2 5 6 6 5 5 5 5
1980 3 9 9 8 8 8 8 8
1980 11 3 3 4 6 6 I 5
1980 12 5 5 5 5 5 4 6
1981 1 7 8 8 8 8 6 8
1981 2 5 4 4 4 4 4 5
1981 3 5 6 6 6 6 6 4
1981 11 7 7 8 7 6 7 6
1981 12 7 7 6 7 7 5 5
1982 I 10 10 10 9 9 8
1982 2 6 6 6 6 6 6 7
1982 3 6 5 4 4 4 3 2
1982 11 5 5 5 5 5 5 4
1982 12 6 6 6 6 6 6 5
1983 1 4 6 5 5 5 6 9
1983 2 3 4 4 4 4 6 8
1983 3 5 5 4 4 4 5 6
1983 11 6 6 6 6 6 6 6
1983 12 7 7 6 6 6 6 6
1984 1 5 5 5 5 5 5 5
1984 2 7 8 7 7 7 7 7
1984 3 6 7 7 7 7 6 5
1984 11 7 7 7 6 6 7 6
1984 12 6 7 6 6 5 6 5
1985 1 4 4 5 4 4 4 5
1985 2 5 5 5 5 5 3 4
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1985 3 6 7 8 8 8 5 4
1985 11 6 7 6 5 5 5 3
1985 12 4 4 5 5 4 4 4
1986 1 6 7 8 8 9 5 8
1986 4 4 6 6 6 3 6
1986 3 6 6 6 5 4 4 3
1986 11 6 7 8 8 8 8 3
1986 12 3 3 3 3 3 3 6
1987 1 4 6 6 6 6 6 8
1987 2 3 4 5 5 4 4 5
1987 3 6 6 4 4 5 4 5
1987 11 4 4 4 4 4 4 4
1987 12 6 6 5 5 5 5 5
1988 1 4 4 5 4 4 7 6
1988 2 6 6 6 6 6 5 5
1988 3 6 6 5 5 4 6 6
1988 11 8 8 8 8 8 8 5
1988 12 5 5 5 4 4 5 6
1989 1 8 8 8 7 7 7 8
1989 2 4 4 4 4 4 3 2
1989 3 5 4 4 4 4 6 4
1989 11 5 5 5 5 5 5 5
1989 12 6 6 6 6 5 5 5
1990 1 5 6 6 6 8 5 6
1990 2 5 5 5 5 4 6 4
1990 3 5 5 5 5 5 4 4
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APPENDIX F
MONTHLY COLD FRONT INTENSITY TOTALS 
IN EACH GRID CELL
Year Month Weak Moderate Strong
(cells 1-7) (cells 1-7) (cells 1-7)
1961 11 1 0 3 2 1 3 2 1 2 0 1 0 1 0 0 2 0 2 0 0 0
1961 12 2 10 12 2 0 0 0 2  2 1 0 3 0 0 2  1 12 1
1962 I 0 1 2 3 2 2  1 2 2 1 0 0 1 3 10 10 13 1
1962 2 3 0 3 0  12 1 12 1 1 1 1 1 1 1 1 2 2 2 0
1962 3 0 2 1 0 0 1 1 1 1 1 0  1 2 3 2 1 1 1 1 0  1
1962 11 0 1 1 3 2 1 2 2 1 0 2 1 0 0 0 2 0 0  1 0 0
1962 12 1 2 0 3 1 2 1 1 1 1 0 0 1 2 0 0 1 2 1 0 0
1963 I 0 0 0 0  I 10 3 2 0  1 1 0 0 1 2 5 2  1 3 3
1963 2 1 4 2 1 1 0 1 12 2 0 2 12 0 0  1 4 2  1 1
1963 3 0 2  3 1 0 2 2 2 2  1 0 2 0 0 2 0 2 1 1 1 0
1963 11 2 1 0 0 1 1 0 0 1 0 2 0 0  1 1 0 I 0 1 1 1
1963 12 0 0 0 1 2 1 0 2 12 1 1 0 0 0 2 0 0  1 0 0
1964 1 10 1 2 2 1 1 0 1 0 2 0 2 0 3 0 0 0 2  0 0
1964 2 2 3  3 0 2 0 3 I 1 0 0 0 2 2 10 1 0 0 2 0
1964 3 12 10 111 1 2 0 0 3 1 0 2 2 3 1 1 1 2
1964 11 2 1 0 0 0 0 0 1 0 3  1 0 0 0 0 1 1 0  1 3 0
1964 12 1 1 2 0 0  10 1 1 1 2  2 11 3 3 2 0 2 1 2
1965 1 I 1 0 0 1 3 0 2 2 0 2 1 1 1 2 3 2 2 2 14
1965 2 0 I 0 0 0  I 0 2 2 1 0 0 1 0 12 2 1 1 1 2
1965 3 0 0 0 2 1 0 2 13 1 0 0 1  1 I 12 3 3 1 0
1965 11 1 4 0 2  1 0 0 5 0 2  1 2 3 0 1 1 0  1 1 2 2
1965 12 2 2 2 0 1  1 0 1 0 0 1 2 1 1 0 1 0 0 0 2  1
1966 1 1 2 2 2 1 1 0 0 2 2 0  1 2 0 1 0 2 2  1 0 3
1966 2 0 2  2 1 2 0 0 12 1 1 1 1 0 2 0 1 0 1  12
1966 3 13 2 1 1 0 0 3 0 0 2  111 I I 1 0 0 0 2
1966 11 3 13 2 1 1 2 0 0 0  1 1 10 1 0 I 0 1 1 1
1966 12 2 0  1 0 0 0 2 1 2 2  1 1 3 0 1 1 1 1 0 0 2
1967 1 1 0 0 0  1 0 0 1 1 3  12 2 1 1 1 0 3 1 0 1
1967 2 0 2 1 1 0 1 1 2 1 1 2 5 2 1 2 0 2  1 1 2 3
1967 3 I 1 I 1 1 1 1 0 0 3 0 0 0 2 3 3 1 1 0  11
1967 11 12 1 0 2 1 0 1 2 0 3  3 0 0 3 1 2 3 2 3 0
1967 12 1 1 1 0 0 0  1 13 1 2 3 3 0 2 3 2 1 1 1 1
1968 1 0 3 10 111 1 0 2 0  1 0 0 2 2 0 3 2 1 2










































1 1 2 2 2  1 0 
2 2 2 0 0  10 
0 2 1 2 3 3 2
1 1 0 2  1 0 3  
3 12 10 12 
0 0 3 0  1 1 2 
0 0 0  1 1 2 0  
1 0  1 1 1 0  1 
0 1 2 0 0 0 0  
0 0 0 2 1 0 0  
0 0  I 0 0 0  I
0 2  2 0 0  10 
5 2 0  1 1 0 0
0 1 0 1 1 I 1 
0 10 1 2 0 0  
1 2 0  1 0 2 0  
1 2  1 3  1 2  1 
3 2 1 0 2 0 1  
0 0 0 1 0 2 1  
0 0 0 0  1 1 0  
1 1 0 2 0 0  1
2 3 0 2 12 2
3 2 1 0 3 1  1 
2 0 0  1 0 0 2
1 0 0 0  1 10 
1 0  1 2  1 1 1  
0 3 2 3 2 1 2  
0 2 1 0 1 0 1  
2 2 0 2  1 0 0  
1 0  1 1 1 0  1 
0 0 0  1 0 0 0  
1 1 0 2 1 2 3  
12 2 3 12 1 
2 0 0 0 0 0 2  
12 2 10 10 
1 1 2  2 1 1 0  
3 0 0 0 0 0 0  
1 1 3  2 0 1 1  
12 3 0 0 1 3
2 2 1 0 0 1 1
1 1 0 3  2 0 0  
0 0 2 2 0 0 2
3 0 1 1 1 1 0
0 1 1 0 3 0 2  
1 2 0 2  1 0 2  
1 1 1 2  1 0  1 
2 1 1 0 2 1 1  
1 2  2 0 0 1 2
1 I 2 3  2 I 2 
1 1 1 0  1 0 2  
0 1 1 2 2 2 1 
4 3 1 2 1  12 
0 2 2 2 2 0 1
4 2 2 1 1 2 2 
3 0 10 1 10 
2 0 2  1 0 1 I 
3 2 1 1 0 0  1 
1 3  13  0 14  
1 2  1 1 0 0 0
1 2 2 3 I 1 I
2 2 2 3 2 12
3 2 2 12 3 1 
0 0 3 2 0 2 5  
0 0 0 1 0 1 0  
0 1 1 1 0 0 1  
1 1 2 0  1 2 0  
0 0 2  1 0 5  1 
1 1 2 2 1 2 1  
1 0 0 2 0 0 0  
0 0 2  1 0 2 0  
2 2 1 0  13  2
2 13 1 0 0 1  
2 2 2 1 12 0
1 1 2 2 1 0 1  
1 1 1 1 2  1 0  
1 1 1 2  1 0 2  
1 2  1 1 1 1 5  
1 1 1 1 0 4 1
0 0 0 2  1 1 0
3 3 3 0 0  1 1
2 2 2 0 0 0  2 
I 0 0  1 1 1 0 
2 2 3 0 0  10  
5 1 2 2 0 2  1
12 3 2 2 2 1 
1 0 0 0 0  10  
1 1 1 1 0 0 2  
0 1 0 0 1 0 0
1 12 1 2 4 2  
1 2 3  1 2 4 0  
1 1 1 2 2 0 1  
0 0 1 3 2 0 1  
3 12 10 12 
3 3 12 10  1 
2 4 3 4  12 1 
0 3 1 2 1 1 2  
1 1 0  1 1 1 2  
1 1 1 2 2 2 0  
3 2 4 3 5 1 0
2 2 2 2 3 2 2 
2 2 2 1 1 1 1  
1 1 2  1 1 1 1  
0 0  1 10 2 1 
0 0 4 3  1 3 0
1 0 I 1 2 0 2  
12 1 1 2 0 1  
1 2 0 1 1 2 0
2 2 0 2 1 2 0
13 1 1 2 4 3
12 1 1 3  2 1 
2 2  1 4 3 0  1 
2 3 0 2  12 1 
0 0 0 1 0 1 3  
2 2 2 2 0 0 2
1 2 1 0 2 0 3  
1 2 2  1 0 3 2  
1 4 5 2 2 4 0
2 12 1 1 1 2
13 1 1 2  11 
0 2  1 2 3 4 2










































I 1 3 0 0  10 
10 12 10 2
1 1 I 0 1 0 0  
13 2 3 0 0 1  
1 2  2 2 2 1 1
2 3 2 12 2 0
1 2 3  2 3 4 0
2 2 3 3 3 1 I 
1 1 0  1 2  1 0  
1 0  I 1 0  1 1 
1 1 2  1 0 2 1  
2 4  1 4 0 0 4  
3 0  1 2 2 0  1
3 1 0 0 2 0  1 
10 1 10 14 
1 1 1 0 I 1 1 
0 3 4  1 2 3  1 
0 1 1 0 0 0 0  
0 2 0 1 0 1 3
0 1 3 4 3 0 2
1 I 1 0 1 I I 
3 2 2  1 4 3  1 
1 0 2 1 0 1 3  
0 0 0 2 0  1 2 
1 2 0 3 1 3 1
2 3 1 1 2  11
2 2 3 2 12 2 
2 0 0 2  1 4 2
1 10 1 0 2 3  
0 0 0 1 0 1 3  
0 1 0  1 1 0 0  
0 0 3 0 0 2 3
2 1 1 2 0 2  2
4 10 1 1 3  0
3 2 1 1 3  10 
0  1 1 0  1 1 1  
4 3 2 1 1 1 1  
0 2 0 3  13 1 
0 10 1 2 0 2  
1 2 0 2  1 3 0
12 12 111 
I 1 0 3 1 4 1  
1 0 2 1 0 1 2  
I 12 10 14 
2 0 2 2 0 2 1
0 1 1 0 3 2 3  
13 2 3 3 2 1  
1 4 2 2  10 1 
10 12 113 
1 0 I 1 0 0  I 
0 2 0 0 0  11 
1 1 2  1 2 2 1  
1 4 3 3 3 2 0  
0 1 1 0 2 1 1  
0 4 0 0  100  
1 1 1 1 2  10 
2 2  I 4 0 0 2  
1 2 0  1 2 0 3
1 I I 0 I 0 1
2 2 2 12 10
1 13 0 2 0 3  
0 12 12 2 2
0 2  1 2 0 0  1 
0 14  1 1 1 0  
1 1 4  1 2 0 1  
0 I 0 0  I 00  
1 1 0 0 1 2 1  
2 2  1 4 2 2 0  
10 1 2 3 1 0  
0 2 2 2 0 2 2 
12 3 4 0 0 1  
3 2 12 110  
1 0 0 0 2  1 1
0 1 1 3  112 
1 0 0 0 0 2  2
1 0 1 0  1 00  
0 0 0 0 0  12 
3 1 1 0  10 1 
3 2 3 0 0 2 1  
0 0 3 0 0 0 1
2 1 0 2 2 1 0  
2 2 1 2 0 2 1
0 1 0 1 I 1 1
1 2 1 0 I I 0 
1 1 2 0 0  13
0 1 1 2  1 1 3  
1 2 0  1 2 0 0
1 I 1 0 0 3 0  
0 1 2 3 1 2 2
0 I 0 1 I I 1 
1 0 0 2 1 1 1  
0 10 1 1 2 0  
1 1 2 0 0 0  1 
14  3 3 1 2 4  
3 12 2 4 1 2  
0 0  1 2 0  1 1
2 I 0 0  I 0 2
3 1 1 2  1 1 1
1 1 2 2 0  1 0
2 0 10 13 1 
13 13 2 3 0 
1 2 3 2 1 1 0
1 0 I 0 1 0 0  
0 2 0  1 1 13 
1 1 1 1 1 0  3
3 10  1 0 0 0  
0 0 0  1 1 0 0
0 2  3 0 2 0 0  
0 1 1 2 2 1 0  
3 4 4 3  2 2 1
2 1 1 1 2  3 3
3 5 0 0 1 0 0  
2 2 2 1 1 0 0  
1 1 3  12 11 
0 1 1 0 0 1 4  
0 1 0 0 0 1 1  
0 0 0  1 I 12 
2 0 1 1 1 0 1  
2 2 13 12 1 
0 0  1 2 0 0 2


































3 1 2 3 1 2 3  
1 2 2  1 0 0 0  
3 3 12 14  1 
1 2 0 2 1 0 1  
1 0 0 0 0 0 0  
13 13 1 1 0  
1 2 4 3 4 0  1 
1 1 1 2  1 1 0  
1 1 1 0 2 1 1  
3 3 3 2 3 2 3 
1 1 3  1 0 0 2  
1 1 3  3 1 1 1  
0 12 2 2 2 1 
0 0 2 0 1 2 2  
2 2 3 1 2  2 3 
2 2 1 10 2 2
2 5 12 2 2 1 
1 2 3 1 1 0 2
3 2 0 1 2 0 1  
2 1 0 0 1 0 0  
1 1 2 2 1 1 0  
0 0  1 12 3 3 
1 1 1 2  1 0 0  
0 12 12 2 0
0 1 I I 0 1 0 
1 0 2 0 1 0 1
1 1 0 2  1 2 2  
3 1 1 1 1 0  1 
1 1 2 0 1 0 1  
1 0 2 1 2 2 1  
1 1 1 4 0 0 1  
1 1 2 2 0 1 1
1 1 1 1 1 1 2  
2 I 0 I I 2 2 
2 13 1 2 0 2  
1 1 1 0 2 4 1  
I 0 1 1 1 0 1 
2 0 1 0 0 1 1  
2 2 1 3 1 3 0  
1 3 4 2 0 3  1
1 1 0 I 1 0 1
2 1 2 2 4 0  1 
1 2 0 1 0 1 3  
14 10 1 10 
0 4 5 4 3  2 1 
1 0 0  1 10 1 
1 3 0 2 0  10 
0 0 0 0 0  1 1 
2 1 1 1 0 0 1  
1 1 0 2  2 1 0  
2 1 1 0  1 1 0  
0 1 1 2 0 1 2  
0 1 1 0  1 1 2
0 3  1 2 0 0 2  
3 2 13 3 5 1
0 I 1 I I 1 I
3 2 4 1 3 5 2
1 10 1 0 2 0  
2 0  1 0 2 0  1
4 13 2 2 2 1  
1 1 1 2  111 
2 2 12 2 0 1  
1 0 0 1 2 1  1 
0 2 0  1 12 1
1 2 2 1 0 2 1  
2 13 3 111 
1 0 0  1 10 1 
1 3 4 3  1 10 
0 0 2 2 3 3 2  
2 1 1 0 2 0 0  
1 1 0  1 1 0 2  
5 2 0  1 0 0 0  
1 1 3  1 1 2  1 
0 2 0  1 0 0  1 
0 0 2 1 3 1 1  
10 12 12 1 
1 0 0  1 0 2 2  
I I 0 0 0 0 0  
1 0  1 1 1 1 2  
0 1 0 0 0 0  I
1 0 0  I 1 1 0
2 10 10 2 2 
1 13  4 13 3 
2 1 1 1 2 0 1  
1 2  2 1 2  2 1 
3 2 3 1 0 1 1  
3 2 2 0  1 13 
2 2 1 2 0 1 3  
2 3 0 2  1 0 3
2 2 2 2 3 2 1 
12  1 2  1 1 0  
0 1 0 0 1 0 0
3 3 2 1 1 1 2  
12 2 3 0 2 2 
1 4 2 0 0  10 
1 1 2  1 1 0  1
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